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During the mass-nesting of sea turtles (also known as arribadas), thousands of turtles 
emerge from the ocean to nest simultaneously along a small stretch of beach. The research 
presented here involves a series of studies to describe the mass-nesting behavior and investigate 
possible mechanisms for synchronization of nesting.  
As a first step towards investigating this behavior and whether environmental cues might 
coordinate nesting, ten years of mass-nesting data were analyzed. Patterns in the behavior were 
described and statistical models were used to identify environmental variables that influence the 
onset and size of mass-nesting events. Findings suggest that the onset of synchronized nesting in 
olive ridley turtles is not triggered by a single environmental cue. Instead, events are likely 
affected by multiple physiological and environmental variables.  
In principle, behavioral interactions in the ocean might also play a role in the 
synchronization of nesting. A drone was used to conduct aerial surveys over the nearshore waters 
of a mass-nesting site during seven events to observe aggregations of turtles. No clear 
organization of turtles appeared to occur at sea, although in some cases turtles seem to move 
gradually shoreward prior to the onset of nesting. Findings reveal considerable variation among 
individual arribadas, with no universal pattern of group movement reliably preceding group 
emergence on the beach. 
 iv 
A pheromone, or other chemical signal, could also serve as a cue to initiate the mass-
nesting behavior. To test whether olfaction plays a role in the timing of nesting, I temporarily 
disrupted olfaction in olive ridley turtles to determine whether this impairment altered the timing 
of nesting during a mass-nesting event. Turtles captured at sea before an arribada, treated with an 
olfactory anesthetic, and released offshore nested significantly later than control turtles treated 
with saline. The results are consistent with the possibility that olfactory cues play a role in 
synchronizing nesting, although alternative explanations including effects on navigation or 
health cannot be excluded. 
Taken together, these findings provide insight into the possible mechanisms for 
synchronized nesting in sea turtles and have important implications for conservation 
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Synchronized reproduction, in which numerous members of a species simultaneously 
spawn, mate, lay eggs, or give birth, occurs in diverse organisms, producing some of the most 
impressive displays of organization in nature. In bird colonies, hundreds of individuals aggregate 
in small areas and synchronize egg-laying (Henson et al., 2010). In grunion fish and intertidal 
crab species, thousands of individuals spawn simultaneously on the beach (Skov et al., 2005; 
Martin et al., 2011). And in olive ridley sea turtles, tens and sometimes hundreds of thousands of 
females nest synchronously along small stretches of coastline (Valverde et al., 2012).  
The synchronization of reproductive behavior can provide a variety of selective 
advantages such as enhancing offspring dispersal or survival, sharing the use of common 
resources, and increasing mating opportunity. For example, spawning in intertidal crabs 
coincides with the highest high tide which reaches the area where eggs were deposited and 
disperses them safely back out to sea (Skov et al., 2005). In tropical rainforest birds, photoperiod 
likely serves as an environmental cue resulting in seasonal reproduction that coincides with a 
seasonal abundance of food (Wikelski et al., 2000). Synchronized nesting behavior in sea turtles 
is associated with higher rates of multiple paternity (Jensen et al., 2006) and might provide 
enhanced fitness in mass-nesting individuals (Plotkin et al., 1996; Bernardo and Plotkin, 2007), 
in addition to increasing hatchling survival on the beach by overwhelming predators (Eckrich 
and Owens, 1995).  
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A variety of mechanisms or proximate cues can drive reproductive synchrony. In many 
cases, reproduction is synchronized when individuals simultaneously respond to environmental 
cues that bring about a physiological state conducive for reproduction. For example, synchronous 
fruiting in a variety of plant species coincides closely with higher temperatures (Schauber et al., 
2002). In some cases, reproduction is more precisely timed by an endogenous rhythm entrained 
on a periodic environmental cue (such as photoperiod, lunar phase, or tidal cycle). For example, 
larval release in estuarine crabs is entrained by light-dark cycles in concert with tidal cycles 
(Forward et al., 1982). An interchange of chemical, visual, and social cues can also play a role in 
coordinating reproductive behavior. For instance, chemical signals released by male Siberian 
hamsters can synchronize estrous amongst females (Dodge et al., 2002). Reproductive synchrony 
can also be socially induced (Schiml et al., 1996; Henson et al., 2010; Koizumi and Shimatani, 
2016). These mechanisms are not, however, mutually exclusive and reproductive synchrony is 
often brought about by complex interactions of multiple environmental and physiological factors 
(Mduma et al., 2007; English et al., 2012; Mohring et al., 2013).  
One of the most spectacular examples of reproductive synchrony is the mass-nesting 
behavior of olive ridley sea turtles (Lepidochelys olivacea) in which thousands of adult females 
migrate to specific coastal areas, aggregate offshore, and then emerge from the ocean 
simultaneously to dig nests and lay eggs. The brief time during which each nesting event occurs, 
along with the small geographic scale and extraordinary number of turtles, make this behavior 
particularly impressive amongst reproductive synchrony phenomena in the animal kingdom. 
Mass-nesting events (also known as arribadas) can last for several days or weeks and, in some 
geographic areas, occur intermittently throughout the year (Valverde et al., 1998; Shanker et al., 
2003; Bernardo and Plotkin, 2007; Valverde et al., 2012; Coria-Monter and Durán-Campos, 
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2017). This nesting behavior is unique to the two species of ridley turtles, the olive ridley and the 
Kemp’s ridley (Lepidochelys kempii), and occurs at only a few sites globally (Bernardo and 
Plotkin, 2007). Since arribada beaches represent the largest nesting assemblages of ridley turtles 
on Earth, improving our understanding of this phenomenon is particularly important for the 
conservation and management of these protected species (Bernardo and Plotkin, 2007; Valverde 
et al., 2012; NMFS and USFWS, 2014).  
The simultaneous emergence of numerous turtles from the ocean implies the existence of 
mechanisms that synchronize the timing of nesting or otherwise enable turtles to coordinate their 
behavior (Bernardo and Plotkin, 2007). However, our limited knowledge and understanding of 
the behavior has been derived largely from analysis of animals on the beach. For example, 
survey methodology has been used to estimate the number of turtles nesting during each arribada 
event (Gates et al., 1996; Valverde and Gates, 1999; Valverde, 2013). Other studies have 
investigated multiple paternity in clutches, incubation conditions, and hatching success (Jensen 
et al., 2006; Honarvar et al., 2008; Valverde et al., 2012; Bézy et al., 2014). Little is known about 
the behavior of turtles at sea at the onset of mass nesting. The few observations that exist 
describe turtles aggregating nearshore (Richard and Hughes, 1972; Cornelius, 1986) and resting 
on the sea floor until the onset of nesting (Plotkin, 1991). Nothing is known, however, about how 
turtles synchronize their behavior so that thousands emerge to lay their eggs at the same time and 
place.  
Several authors have speculated about possible environmental triggers for mass-nesting 
events, including wind, precipitation, lunar and tidal cycles (Carr, 1967; Pritchard, 1969; Richard 
and Hughes, 1972; Hughes and Richard, 1974; Plotkin, 1994; Jiménez-Quiroz et al., 2005). 
These reports are based on observations of a limited number of events and trends that hold true 
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for events in one location are not always consistent with other locations (Bernardo and Plotkin, 
2007).  
In principle, social facilitation might play a role in synchronizing nesting once turtles 
arrive at the nesting beach (Owens et al., 1982; Plotkin, 1994); the sight of turtles crawling up on 
the beach to nest, for example, might induce others to do so. Alternatively or additionally, mass-
nesting might be coordinated by chemical secretions, known as pheromones, that influence the 
behavior of other individuals (Owens et al., 1982; Bernardo and Plotkin, 2007). Since sea turtles 
are capable of detecting both airborne and waterborne chemical cues (Manton et al., 1972; 
Endres and Lohmann, 2013; Endres et al., 2016), it is possible that a rising level of pheromones 
might trigger mass nesting. 
In several freshwater turtle species, individuals can discern the sex and species of another 
turtle based on chemical cues alone (Muñoz, 2004; Poschadel et al., 2006; Galeotti et al., 2007; 
Lewis et al., 2007; Ibáñez et al., 2012). Whether a similar ability exists in sea turtles is not 
known, but green turtles (Chelonia mydas) have been observed approaching conspecifics and 
placing their nostrils in the area between the cloaca and Rathke’s gland (Crowell Comuzzie and 
Owens, 1990; Bevan et al., 2016). The Rathke’s gland is a secretory gland of unknown function 
in freshwater and sea turtles with ducts and pores located along the inframarginal region 
(Ehrenfeld and Ehrenfeld, 1973; Wyneken, 2001). Both male and female turtles perform these 
“cloacal checks” more frequently on breeding females than non-breeding females, suggesting 
detection of chemical odors may influence reproductive and social behaviors (Crowell Comuzzie 
and Owens, 1990). 
Another indication that olfaction might play a role in arribada behavior comes from the 
Rathke’s gland (Ehrenfeld and Ehrenfeld, 1973; Bernardo and Plotkin, 2007). While most 
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species of sea turtle have a single Rathke’s pore leading from the gland, these glands are 
enlarged and lead to multiple pores in ridley turtles (Wyneken, 2001; Bernardo and Plotkin, 
2007). While there is speculation about a potential role of a pheromone in the synchronized 
nesting behavior of sea turtles (Owens et al., 1982), whether olfaction plays a role in nesting is 
unknown. 
The lack of research on this system is not surprising considering the unique challenges of 
studying the mass-nesting phenomenon in sea turtles. Because it cannot be reproduced in a lab or 
controlled space, the study of this phenomenon is limited to observations and experimental 
manipulations in the field. Moreover, arribadas occur at only a few beaches worldwide, most of 
which are remote, further limiting access to this phenomenon. In addition, arribada events 
typically last only a few days, occur unpredictably and take place only a few times a year at 
some sites. These logistical limitations thus make it challenging to study mass-nesting in sea 
turtles.   
The Ostional National Wildlife Refuge on the Pacific coast of Costa Rica provides a 
unique opportunity for research on arribadas. Within the refuge, synchronized nesting events 
occur at Ostional Beach almost every month of the year. The area is accessible by land and sea 
and has been monitored by researchers since 2006.  
I used several different research approaches for my dissertation. To identify 
environmental variables that control or affect the timing of mass-nesting events, 10 years of 
nesting data from Ostional were analyzed and statistical models were developed to identify 
environmental variables that predict the timing and size of mass-nesting events. In addition, a 
year-long series of aerial drone surveys was conducted over the nearshore waters of Ostional, to 
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describe the nearshore distribution of sea turtles in association with synchronized nesting events. 
Finally, I investigated whether olfaction plays a role in nesting behavior and timing of arribadas. 
Analyses of the 10-year data set of mass-nesting events indicate that arribadas tend to 
occur near third-quarter moon but do not follow an invariant lunar or seasonal pattern. Instead, 
the results suggest that a number of physiological processes and environmental factors interact to 
influence mass-nesting events, with no single environmental variable as an infallible predictor of 
either timing or size. 
The aerial surveys provided observations of the behavior and movements of turtles in 
nearshore waters before, during, and after mass-nesting events. Results revealed considerable 
variation among different arribadas, with groups intermittently moving onshore and offshore and 
no universal pattern of movement evident. This study represents the first attempt to link behavior 
of turtles in the ocean to mass-nesting events on the beach. 
To investigate the hypothesis that olfaction plays a role in the timing of arribadas I 
conducted an experiment that attempted to temporarily disrupt olfaction to determine whether 
this altered the timing of nesting during a mass-nesting event. Gravid females treated with an 
olfactory anesthetic and released at sea prior to an arribada emerged on the beach to nest later 
than control turtles. The effect of olfactory impairment on the timing of nesting is consistent with 
the possibility that olfactory cues play a role in synchronizing mass nesting. 
In sum, my dissertation research used three different approaches to study the mass-
nesting phenomenon and the possible mechanisms for synchronized nesting in sea turtles. 
Additionally, my dissertation establishes methodology and a framework for future studies to 
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MASS-NESTING EVENTS IN OLIVE RIDLEY SEA TURTLES:  
ENVIRONMENTAL PREDICTORS OF TIMING AND SIZE 
 
Introduction 
Synchronized reproduction, in which numerous members of a species spawn, mate, lay 
eggs, or give birth simultaneously, is common among diverse animals (Skov et al., 2005; Henson 
et al., 2010; Martin et al., 2011). One of the most spectacular examples is the mass-nesting 
behavior of olive ridley sea turtles (Lepidochelys olivacea E.), in which thousands of adult 
females migrate to specific coastal areas, aggregate offshore, and then emerge from the ocean 
simultaneously to lay eggs. Mass-nesting events typically last several days and, in some 
geographic areas, occur intermittently throughout the year (Valverde et al., 1998, 2012; Shanker 
et al., 2003; Bernardo and Plotkin, 2007; Coria-Monter and Durán-Campos, 2017). The brief 
time during which each nesting event occurs, along with the small geographic scale and 
extraordinary number of turtles involved, make this behavior both remarkable and enigmatic.  
The simultaneous emergence of numerous turtles from the ocean implies the existence of 
mechanisms that synchronize the timing of nesting or otherwise enable turtles to coordinate their 
behavior (Bernardo and Plotkin, 2007). Little is known, however, about how such 
synchronization occurs. In principle, precisely timed reproduction can occur in several different 
ways. In some organisms, the timing of reproduction is mediated by lunar phase or tidal cycles, 
(Takemura et al., 2004; Skov et al., 2005; Fukushiro et al., 2011). In others, reproductive timing 
is strongly influenced by factors such as season, temperature, and rainfall which can result in a 
physiological state conducive for reproduction (Wikelski et al., 2000; Hirschfeld and Rödel, 
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2011; Salminen and Hoikkala, 2013; Majumder and Bhadra, 2015). Pheromones, visual cues, 
and social facilitation can also play a role in coordinating behavior (Schiml et al., 1996; Gerlach, 
2006; Koizumi and Shimatani, 2016). These various mechanisms are not mutually exclusive, 
inasmuch as reproductive synchrony often involves a complex interplay of multiple 
environmental and physiological factors (Mduma et al., 2007; English et al., 2012; Mohring et 
al., 2013). 
As a first step toward investigating the mechanisms that underlie synchronized nesting 
behavior in sea turtles, we analyzed 10 years of data on the timing and size of olive ridley turtle 
mass-nesting events at Ostional, Costa Rica. This Pacific beach is known for the frequency, size, 
and density of its mass-nesting events, which are also known as arribadas (the Spanish word for 
arrivals). Analyses revealed an association between the timing of mass-nesting events and lunar 
phase. In addition, statistical models were used to investigate whether environmental variables, 
including lunar phase, can be used to accurately predict the timing of arribadas and the number 
of turtles that participate. Contrary to anecdotal reports in some previous studies (e.g., Carr, 
1967; Pritchard, 1969), our findings suggest that the onset of synchronized nesting in olive 
ridleys is not invariably triggered by a single, specific environmental cue. Instead, the timing and 





The Ostional National Wildlife Refuge is located on the northern Pacific peninsula of 
Costa Rica (Fig. 2.1). Within the Refuge, Ostional Beach comprises approximately 4 km of 
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coastline. For research and monitoring purposes, the beach is divided into 50-m sectors 
numbered from north to south. Nesting turtles are typically more abundant in the rainy season 
(May through November; Valverde et al., 2012). 
 
Mass-nesting census data  
We analyzed approximately ten years (July 2006 – January 2017) of olive ridley turtle 
mass-nesting census data collected at Ostional Beach. During this period, censuses were 
conducted for 109 of the 116 mass-nesting events that occurred. Data from the first few years 
(2006 – 2010) have previously been published and analyzed in a different context (Valverde et 
al., 2012).  
Census transects were set up according to the location of the nesting aggregation as 
determined the first morning after a mass-nesting event began. Transects ran perpendicular to the 
coastline, from sector markers located every 50 m along the vegetation line to corresponding 
markers placed at the high-tide line. Because this methodology requires preparation and the start 
of mass-nesting cannot be predicted, data were not acquired for the initial night of any given 
event.  
Census data were obtained using a strip-transect-in-time methodology that has been 
described in detail previously (Gates et al., 1996; Valverde and Gates, 1999). Observers walked 
along transect lines every two hours during mass-nesting events to count the number of egg-
laying turtles within each two-meter wide transect. Censuses continued throughout each mass-
nesting event until zero turtles were counted across all transects. The data were then entered into 
the Arribada Portal software, a web-based application that used an algorithm to estimate the total 
number of turtles for each mass-nesting event (Valverde, 2013). For purposes of this study, we 
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defined the number of turtles participating in a mass-nesting event as the estimated number of 
egg-laying females. 
 
Celestial, meteorological, and oceanographic data 
Diverse environmental factors may influence the reproductive and migratory behavior of 
sea turtles, thus affecting both the timing of mass-nesting events and the number of turtles 
participating. To investigate whether environmental predictors exist for mass-nesting behavior, 
we used the geographic coordinates of Ostional Beach (9.993492 N, 85.700805 W) to extract 
meteorological and oceanographic variables corresponding to every day over the ten-year period 
in our study (July 2006 – January 2017). Sea level pressure (atmospheric pressure at sea level), 
relative humidity, and wind velocity were extracted from the National Centers for Environmental 
Prediction (NCEP) Reanalysis 2 database. Ocean current velocity, sea surface temperature, 
salinity, and sea surface height (the relief of the ocean’s surface) were extracted from the Global 
Hybrid Coordinate Ocean Model (HYCOM, http://hycom.org). Ocean current and wind velocity 
data each consist of two separate directional values (northward and eastward), with the sign 
indicating directionality and the absolute value indicating magnitude. The resolution of oceanic 
and atmospheric data differs; HYCOM provides approximately 9 km resolution while NCEP 
provides approximately 275 km resolution. However, the NCEP grid point is relatively close to 
our study site (approximately 76 km away). Additionally, we obtained monthly Multivariate 
ENSO (El Niño Southern Oscillation) Index values from the National Oceanic and Atmospheric 
Administration. Lunar data were derived from the lunar package in R. Two continuous variables 
were obtained using cos and sin transformations: “lunar phase”, indicating the illuminated 
proportion of the moon (e.g., 1 = full, 0 = quarter, and -1 = new moon) and “quarter moon”, 
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indicating the waxing or waning state of the moon (e.g., 1 = first-quarter, 0 = full/new, and -1 = 
last-quarter moon).  
 
Statistical analysis 
We used JMP Pro 13 (SAS Institute Inc.) and R (Version 3.2.1, R Core Team, 2014) for 
statistical analyses. To analyze the timing of mass-nesting events in relation to the lunar cycle, 
the lunar day corresponding to the start of each mass-nesting event was determined. These data 
were then transformed into angular data suitable for circular statistics (Batschelet, 1981; Zar, 
1999). The circular data were analyzed using Rayleigh tests.  
We used statistical models to investigate whether various environmental variables 
improved predictions of: (1) the timing of mass-nesting events, relative to a null model based on 
random chance; and (2) the number of turtles participating in mass-nesting events, relative to a 
null model based on seasonality alone (with wet season defined as May through November and 
dry season defined as December to April). We ran diagnostic pairwise correlations to ensure that 
no strong correlations existed between environmental variables (r ≤ 0.50). We scaled all 
variables to enable us to compare relative effect sizes (i.e., standardized to 0.5 SD; Grueber et al., 
2011). Additionally, all predictor variables except one were log-transformed to normalize the 
distribution of the data; the sole exception was relative humidity, which was logit-transformed 
because it is expressed as a percentage. 
For both response variables, a set of candidate models was generated by fitting all 
possible models and excluding those that had higher Akaike Information Criterion (AIC) or 
corrected AIC (AICc) values (Grueber et al., 2011). We then averaged parameters across models 
with ∆AIC or ∆AICc < 10 from the model of best fit (Bolker et al., 2008). We used the 
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unconditional or full average from the resulting averaged parameters to interpret the results 
(Grueber et al., 2011). This model-averaging approach accounts for model selection uncertainty 
and provides robust parameter estimates when several models are ranked highly. Because 
predictor variables were scaled, the estimate represents the relative effect size for each variable 
considering the observed variation in that variable. This provides a quantitative measure to 
compare the weight of a variable in a model, with a larger absolute value indicating a stronger 
effect or greater proportion of variance explained by the variable. To enable comparison of 
variables, standard error values are reported as the unconditional, adjusted standard error. The 
resulting relative importance indicates the weighted proportion of predictor importance based on 
the AIC value and the number of models that include the predictor. This measure further 
provides a quantitative comparison of the importance of a variable across all models and in 
comparison to all other variables.  
 
Timing of mass-nesting events 
To investigate whether environmental variables improve predictions of the timing of 
mass-nesting events, we conducted a parametric survival analysis of exponentially distributed 
events (Jackson, 2016), using environmental data for every day in the ten-year period within our 
study as predictors for the timing of events. Survival analyses can be used to model the rate of an 
event happening, with the time until an event occurs serving as the response variable (e.g., time 
to death observed in patients under different treatment regimes; Kelly and Lim, 2000). For our 
analysis, we used input variables to predict the rate of transitioning into a “state” of mass-
nesting. In other words, the model predicted the probability of a mass-nesting event beginning on 
any given day. 
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In addition to all of the environmental variables, we included the interval or number of 
days since the previous mass-nesting event, as this biological variable might potentially 
confound our analysis of environmental variables with similar periodicities (Jiménez-Quiroz et 
al., 2005). Our analysis was therefore limited to events for which there were no missing 
observations for: (1) the end date of the previous nesting event; (2) all days before the event; and 
(3) the start of the event itself. Because the Multivariate ENSO Index is a monthly value and our 
model involved daily measurements, we excluded this variable from the analysis. 
We completed model selection by hand, fitting a parametric survival model in which the 
daily rate of transitioning into a state of mass-nesting is:  




In this equation, 𝛽' is the base rate of transitioning, 𝑝 is the number of variables and 𝛽* is the 
effect of variable 𝑖 (𝑥*) on the rate of transitioning. We used AICc values for model comparison 
and averaging, removing models that had values higher than those of models nested within them 
(i.e., models in which adding a new parameter does not improve the likelihood by more than the 
penalty of adding the parameter; Grueber et al., 2011). To quantitatively compare the predictive 
ability of our model to that of the null model, we generated the area under the curve (AUC) of a 
receiver operating characteristic (ROC) curve (Zou et al., 2007). This value quantitatively 
classifies the accuracy of a model using the rate of true positives, with a value of 0.5 resulting 






Number of turtles participating in mass-nesting events 
To analyze whether environmental variables improve predictions of the number of turtles 
participating in events, we used a generalized linear mixed model. All of the previously 
mentioned variables corresponding to the start date of mass-nesting events were used as 
predictors of the number of nesting turtles (Bartoń, 2016). We excluded one event (April 2011) 
for which a reliable estimate of the number of turtles could not be produced because the 
confidence intervals for this event encompassed zero. 
We fit the model by log likelihood using a negative binomial distribution of the number 
of turtles (Fournier et al., 2012; Skaug et al., 2016). This distribution proved more appropriate 
than the Poisson distribution for this model (lower AIC), given the overdispersion of the data. 
We included seasonality as a fixed effect considering the apparent seasonality in the abundance 
of nesting turtles at this site (i.e., rainy or dry season). We also included specific calendar month 
(i.e., month and year) as a random effect to account for potential temporal correlation in events 
occurring close in time; this best accounted for random variation in the data based on initial 
comparisons of AIC values for different random effect models (i.e., nested effects of year, 
season, and month). We then used the dredge function from the MuMIn package in R to 
automate all possible model subsets based on the full model (i.e., including all environmental 
variables; Bartoń, 2016). To quantitatively compare the predictive ability of our model to the null 
model (i.e., predictions based on seasonality alone), we generated a “pseudo-R2” using the 
squared correlation between the predicted and observed values, where a value of 1.0 would result 








Patterns of mass-nesting behavior 
During the ten-year period encompassed by the data set, a mean of 11 ± 0.2 mass-nesting 
events occurred each year. Arribadas had a mean duration of 3 ± 0.2 days and a mean interval of 
34 ± 1.4 days between events (mean ± s.e.m.). The interval between events was longer in the dry 
season (37 ± 2.3 days) than in the rainy season (32 ± 1.8 days; P = 0.040, n = 103 intervals, t-
test). During the rainy season, two mass-nesting events occurred within a single month on nine 
occasions; this never occurred during the dry season.  
The number of turtles participating in events varied throughout the year, with the largest 
events occurring in the months of September and October (P < 0.001, n = 108 events, ANOVA). 
More turtles participated in events during the rainy season (86,953 ± 10,500 turtles per event) 
than in the dry season (44,298 ± 13,422 turtles per event; P = 0.014, n = 108 events, t-test).  
 A Rayleigh test was used to determine if the onset of mass-nesting events was non-
randomly distributed across the lunar month. Results indicated a highly non-random distribution 
(r = 0.56, P < 0.001, n = 109 events) with a mean lunar day of 23 (i.e., the overall mean start 
time of all arribadas was a few days after last-quarter moon; Fig. 2.2). 
 
Timing of mass-nesting events 
A null model (AUC = 0.50), which considered the timing of mass-nesting events to be 
the result of random chance, was used as the point of comparison for evaluating the effectiveness 
of models constructed to predict the timing of mass nesting. A combination of several 
environmental variables improved the accuracy of our model by 33% (AUC = 0.83). Consistent 
with previous observations (Fig. 2.2), the waxing or waning state of the moon was the most 
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important predictor of the timing of events based on relative effect size (Table 2.1), but the best 
predictions were obtained from models that also included sea surface height and the number of 
days since the previous mass-nesting event (Table 2.1). Specifically, the probability of a mass-
nesting event increased: (1) near the time of the last-quarter moon; (2) with longer intervals since 
the previous event; and (3) with an increase in sea surface height. The illuminated proportion of 
the moon was not as important as the waxing or waning state of the moon in predicting the onset 
of mass nesting (i.e., smaller effect size; Table 2.1). Additionally, southward ocean current 
velocity emerged as a predictor, although this variable had a relatively small effect size (Table 
2.11). Sea level pressure, relative humidity, wind velocity, sea surface temperature, and salinity 
did not significantly improve our model predictions of the timing of events (all models that 
included these variables had ∆AIC > 10). When considered individually, each variable in our 
model had a relatively small influence on the probability of a mass-nesting event starting (P < 
0.10). Overall, the relatively low predicted probabilities (P < 0.50) for the start of mass-nesting 
events generated by the models suggests the timing of events is probably not induced reliably by 
any combination of the variables we considered (Fig. 2.3). 
 
Number of turtles participating in mass-nesting events 
Several environmental variables also improved our ability to predict the number of turtles 
participating in mass-nesting events (pseudo-R2 = 0.28) relative to a null model (pseudo-R2 = 
0.03) which considered seasonality alone (i.e., 25% improvement in accuracy). The most 
important parameters for predicting the number of turtles participating were salinity, relative 
humidity, and ocean current velocity (Table 2.2). Specifically, a decrease in salinity and increase 
in relative humidity and southward ocean current velocity were all associated with higher 
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numbers of turtles nesting (Fig. 2.4). Relative humidity is likely to mirror rainfall, and indeed 
was well correlated with rain gauge data acquired from a nearby weather station in Nosara 
(approximately 10 km away; r = 0.4590, P < 0.0001, Spearman’s rank correlation). Wind speed 
and direction were also considered relevant in model predictions of the number of turtles 
participating in mass-nesting events, although these variables had a relatively small effect size 
(Table 2.2). Interestingly, our analysis indicates that seasonality alone is not a good predictor of 
the abundance of nesting turtles (i.e. rainy season of May through November vs. dry season of 
December through April, ∆AIC > 10); likewise, sea level pressure, sea surface temperature, sea 
surface height, monthly multivariate ENSO Index, the waxing or waning state of the moon and 
the illuminated proportion of the moon were not good predictors. 
 
Discussion 
Several authors have speculated that environmental cues such as onshore winds, 
precipitation, lunar phase, and/or tidal cycle either trigger or strongly influence the timing of 
mass-nesting events in ridley turtles (Carr, 1967; Pritchard, 1969; Hughes and Richard, 1974; 
Plotkin, 1994; Jiménez-Quiroz et al., 2005). These suggestions have arisen largely from 
anecdotal observations and short-term studies spanning periods of a few months. By contrast, our 
study of mass-nesting events over a ten-year period at Ostional, Costa Rica, represents the most 
extensive effort to date to identify environmental variables that can be used to predict arribada 
timing and size. 
Our analyses revealed a significant association between the onset of mass-nesting events 
and lunar phase. The majority of arribadas began near the time of third-quarter moon (Fig. 2.2), 
although mass-nesting events at other times in the lunar month were not uncommon. These 
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results are consistent with earlier observations suggesting a possible association between mass-
nesting events and last-quarter moon at another Costa Rican beach (Nancite) located 
approximately 100 km away (Plotkin et al., 1997). Interestingly, however, arribadas at the two 
locations rarely start on the same night (Hughes and Richard, 1974; Bernardo and Plotkin, 2007), 
suggesting that local cues or other unidentified factors play a role in determining when mass-
nesting begins. 
 
Models for predicting timing of mass-nesting events 
In agreement with our observations, the occurrence of the last-quarter moon was the best 
predictor of the onset of mass-nesting events in our models (Table 2.1). In addition, the models 
indicated that the interval since the previous mass-nesting event, sea surface height (or the 
topography of the ocean’s surface), and ocean current velocity were also predictors of the timing 
of mass-nesting (Table 2.1; Fig. 2.3)  
Although the model reveals an association between the onset of mass-nesting and lunar 
phase, it cannot explain the nature of the relationship or whether it is causal. Nevertheless, a 
possibility worth considering is that the timing of mass-nesting is influenced by a lunar rhythm. 
Such rhythms exist in a variety of marine species and are especially common among organisms 
that exhibit mass synchronous spawning (Naylor, 2001; Tessmar-Raible et al., 2011). For such 
animals, the timing of synchronized reproduction typically provides advantages for offspring or 
adult survival. In corals, for example, the synchronization of larval release with the full moon 
and tidal maxima ensures the effective dispersal of larvae (Jokiel et al., 1985). For mass-nesting 
turtles, the advantage of nesting near last-quarter moon is less clear. Interestingly, however, the 
incubation period at Ostional is such that subsequent mass-hatching events occur around the time 
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of the full moon, when lunar illumination might assist hatchlings in reaching the ocean and/or the 
tidal maxima may increase hatchling dispersal at sea (Salmon and Witherington, 1995; Hamann 
et al., 2011). Nevertheless, whether lunar phase functions as a zeitgeber for the entrainment of a 
biological rhythm, or instead co-varies with another environmental cue that influences mass-
nesting in a presently unknown way, remains to be determined. 
In addition to lunar phase, the interval since the previous arribada was a strong predictor 
of the timing of mass-nesting (Table 2.1; Fig. 2.3). This finding is consistent with studies of 
reproductive physiology in sea turtles, which have revealed that females typically lay several 
clutches of eggs over the course of each season that they nest, and that considerable time is 
required for the production of eggs for each clutch (Aitken et al., 1976; Licht et al., 1979; 
Owens, 1980). Thus, turtles that nest at a given time cannot immediately nest again.  
The reason why the relief of the ocean’s surface and ocean current velocity are associated 
with the timing of mass-nesting events is less clear. Sea surface height reflects a variety of 
physical and biological factors in the ocean including temperature, productivity, upwelling, and 
convergent fronts (Wilson and Adamec, 2001; Pennington et al., 2006; Willett et al., 2006). In 
our study, sea surface height was most closely correlated with temperature, humidity, and 
precipitation, elements of weather which all affect the success of egg incubation (Güçlü et al., 
2010; Valverde et al., 2010). Variations in sea surface height and ocean current velocity can also 
be indicative of eddies, which might in turn facilitate the movements of turtles or concentrate 
chemical cues useful in locating the nesting area (Coria-Monter and Durán-Campos, 2017). 
Turtles tracked by satellite telemetry sometimes show associations with sea surface height, 
suggesting that this variable (or variables correlated with it) might attract turtles or affect their 
movements under some conditions (Polovina et al., 2000; Luschi et al., 2003; Eguchi et al., 
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2007). In sum, sea surface height might reflect conditions favorable for reproduction, conditions 
that facilitate migration, currents that transport chemical cues to arriving turtles, or other 
unknown processes. 
 
Models for predicting number of turtles in mass-nesting events 
Analyses revealed that the three most relevant predictors of the number of turtles 
participating in mass-nesting events were salinity, ocean current velocity, and relative humidity 
(Fig. 2.4; Table 2.2). All three of these variables are associated with weather patterns. In 
particular, decreases in ocean salinity and increases in relative humidity are associated with 
rainfall. Thus, a reasonable interpretation is that turtles nest in larger numbers during times of 
considerable rainfall, while nesting less frequently during periods of limited precipitation. 
Although turtles are known to nest in higher numbers during the rainy season when precipitation 
is more abundant (Valverde et al., 2012), models incorporating salinity, current velocity, and 
relative humidity had better predictive performance than a null model based strictly on a division 
between rainy season months (May through November) and dry season months (December 
through April).    
The observed seasonality in nesting at Ostional is likely a reflection of numerous factors 
that affect reproductive success. For example, peak nesting probably occurs near the time when 
conditions such as temperature and humidity are optimal for nest incubation (Valverde et al., 
2010). Similarly, seasonal changes in the proximity of ocean currents to the coastline may 
facilitate the migration of adult sea turtles toward the nesting beach or the migration of 
hatchlings out to sea (Beavers and Cassano, 1996; Luschi et al., 2003; Putman et al., 2010). 
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Further research is needed to explore how spatiotemporal variation in nesting patterns are 
adaptive or constrained by the requirements of different life-history stages. 
 
What triggers mass-nesting?    
The near-simultaneous emergence of thousands of turtles in an arribada implies the 
existence of mechanisms for synchronizing or coordinating group behavior, yet the way in which 
this synchrony is achieved remains enigmatic. Although our findings reveal a relationship 
between lunar phase and the timing of mass-nesting events, both the results of models (Fig. 2.3, 
Table 2.1) and the fact that some arribadas start at times that are not close to last-quarter moon 
(Fig. 2.2) indicate that lunar phase alone is not an infallible predictor of timing. Indeed, the 
relatively low predicted probabilities (P < 0.50) for the start of mass-nesting events generated by 
the models suggests the onset of an arribada is probably not induced reliably by any combination 
of the variables we considered (Fig. 2.3). Our results instead suggest that a complex constellation 
of physiological processes and environmental factors interact to influence the timing and 
abundance of mass-nesting events, and that no single environmental variable is a reliable 
predictor. 
We cannot, however, rule out the possibility that a subtle environmental cue not yet 
considered predicts mass-nesting. Similarly, it is also possible that a signal originating from the 
turtles themselves serves to coordinate emergence. The nature of such a signal, if it exists, 
remains unknown, but candidates include a pheromone (Owens et al., 1982), vocalizations 
(Ferrara et al., 2014), or visual cues (Owens et al., 1982; Mora and Robinson, 1982; Bernando 
and Plotkin, 2007). Social facilitation might also play a role in synchronizing emergence on the 
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beach; for example, a turtle swimming toward the beach to nest might do so more vigorously in 
the presence of other turtles behaving similarly. 
An interesting speculation is that the absence of a rigid linkage between arribada timing 
and an environmental cue is adaptive for olive ridleys, inasmuch as it allows turtles to avoid 
nesting when short-term weather conditions makes the survival of eggs unlikely. It is noteworthy 
in this context that heavy rainfall, which can lead to high mortality of eggs due to immersion and 
drowning, reduction of gas exchange, or fungal growth on egg shells (Packard et al., 1977; 
McGehee, 1990), is thought to suppress mass-nesting events (Cornelius and Robinson, 1986; 
Plotkin et al., 1997). Indeed, turtles in such circumstances are capable of retaining eggs and 
ovipositing later when conditions improve (Plotkin et al., 1997). An additional advantage of 
irregular timing of mass-nesting events is that predators cannot reliably anticipate when each 
arribada will occur.  
In sum, although our analyses have identified several environmental cues that are useful 
in predicting the timing and size of arribadas, the models do not provide much predictive power 
for individual events. For future analyses, local measurements of the variables we considered (as 
opposed to measurements taken at distant locations) may improve the accuracy of model 
predictions. Time-lagged environmental variables at locations distant to the nesting beach, as 
well as some local variables not considered in our analysis (e.g., tidal fluctuations), might also 
influence nesting behavior and provide further explanatory power for both the timing and size of 
mass-nesting events. Future research should consider additional variables not considered in our 
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Table 2.1: Model averaging results from the survival analysis of environmental variables as 
predictors of the timing of mass-nesting events.  
Predictors are listed in decreasing order of estimate or effect size. Because predictor variables 
were scaled, the estimate represents the relative effect size for each variable with a larger 
absolute value indicating a stronger effect or greater proportion of variance explained by the 
variable. 
 
Predictor Variable Estimate Std. Error z-value P-value rd ne 
Quarter moona -0.4686 0.0705 -6.6456 < 0.0001 1.00 3 
Intervalb   0.2542 0.0435 5.8397 < 0.0001 1.00 3 
Sea surface height 0.2203 0.0545 4.0389 < 0.0001 1.00 3 
Lunar phasec   -0.1728 0.0617 -2.7995 0.0051 0.99 2 
Southward ocean 
current velocity 
0.0657 0.0539 -1.2195 0.2265 0.98 1 
 
a waxing or waning state of the moon, b number of days since the previous nesting event,  
c illuminated proportion of the moon, d relative importance or the weighted proportion of 
predictor importance based on the AIC value and the number of models which include the 
predictor, e number of averaged models which include the predictor variable   
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Table 2.2: Model averaging results from the generalized linear mixed model of the 
environmental variables as predictors of the number of turtles participating in mass-
nesting events.  
Predictors are listed in decreasing order of estimate or effect size. Because predictor variables 
were scaled, the estimate represents the relative effect size for each variable with a larger 
absolute value indicating a stronger effect or greater proportion of variance explained by the 
variable. 
 
Predictor Variable Estimate Std. Error z-value P-value ra nb 
Salinity - 0.3031 0.0609 4.973 < 0.0001 1.00 5 
Relative humidity  0.1749 0.0880 1.987 0.0470 0.88 2 
Southward ocean  
current velocity 
0.1548 0.0745 2.078 0.0377 0.93 4 
Southward wind velocity 0.0083 0.0349 0.237 0.8124 0.07 1 
Westward wind velocity 0.0032 0.0209 0.153 0.8783 0.03 1 
 
arelative importance or the weighted proportion of predictor importance based on the AIC value 
and the number of models which include the predictor, bnumber of averaged models which 









Figure 2.2: Onset of mass-nesting events at Ostional Beach relative to the lunar cycle.  
Each dot on the plot represents the start date of mass-nesting events in this study (n = 109 events 
occurring 2006-2016) in relation to the lunar cycle, indicated clockwise from the top: new, first-
quarter, full, and last-quarter moon (29.5 d, new = 0 d, full = 14 d). The arrow indicates mean 
lunar day and the shaded area indicates 95% confidence intervals. The timing of mass-nesting 
events was strongly associated with the last-quarter phase of the moon (mean lunar day = 23; r = 





Figure 2.3: Model-predicted daily probability (black line) of a mass-nesting event starting 
and the start date of observed mass-nesting events (blue points) for (A) the entire duration 
of the study and (B) a subset of four years, to show detail.  
A combination of several environmental variables improved our ability to predict the timing of 
mass-nesting events (AUC = 0.83) relative to a null model (AUC = 0.50), which considered 
timing as a result of random chance (i.e., higher rate of true positives). Relatively low predicted 
probabilities (p < 0.50) for the start of mass-nesting events indicate the timing of events is not 





Figure 2.4: The observed data (points) and model predicted means (lines) for the number 
of nesting turtles participating in mass-nesting events for the most important parameters in 
our model: (A) salinity, (B) relative humidity, and (C) ocean current velocity.  
Model predictions assume all other variables are at their means and therefore isolate the effect of 
each individual variable. A decrease in salinity and increase in relative humidity and southward 
ocean current velocity were all associated with higher numbers of turtles participating in mass-
nesting events. Ocean current velocity data consists of two separate directional values 
(northward and eastward), with the sign indicating directionality and the absolute value 
indicating magnitude. The inclusion of these variables in addition to wind velocity in our model 
improved our ability to accurately predict the number of turtles participating in mass-nesting 
events (pseudo-R2 = 0.28) relative to a null model (pseudo-R2 = 0.03), which considered 








Bartoń, K. (2016). MuMIn: Multi-Model Inference. R package version 1.15.6. https://CRAN.R-
project.org/package=MuMIn 
Batschelet, E. (1981). Circular statistics in biology. London: Academic Press. 
Beavers, S. C. and Cassano, E. R. (1996). Movements and dive behavior of a male sea turtle 
(Lepidochelys olivacea) in the Eastern Tropical Pacific. J. Herpetol. 30, 97–104. 
Bernardo, J. and Plotkin, P. T. (2007). An evolutionary perspective on the arribada 
phenomenon and reproductive behavioral polymorphism of olive ridley sea turtles 
(Lepidochelys olivacea). In The Biology and Conservation of Ridley Sea Turtles (ed. 
Plotkin, P. T.), pp. 58–87. Baltimore, Maryland: Johns Hopkins University Press. 
Bolker, B. M., Brooks, M. E., Clark, C. J., Geange, S. W., Poulsen, J. R., Stevens, M. H. H. 
and White, J. S. (2008). Generalized linear mixed models: a practical guide for ecology 
and evolution. Trends Ecol. Evol. 24, 127–135. 
Carr, A. (1967). So Excellent a Fishe. New York: Natural History Press. 
Cheeseman, J. F., Fewster, R. M. and Walker, M. M. (2017). Circadian and circatidal clocks 
control the mechanism of semilunar foraging behaviour. Sci. Rep. 7, 3780. 
Cordes, L. S. and Thompson, P. M. (2013). Variation in breeding phenology provides insights 
into drivers of long-term population change in harbour seals. Proceedings of the Royal 
Society B: Biological Sciences 280, 20130847–20130847. 
Coria-Monter, E. and Durán-Campos, E. (2017). The relationship between the massive 
nesting of the olive ridley sea turtle (Lepidochelys olivacea) and the local physical 
environment at La Escobilla, Oaxaca  Mexico , during 2005. Hidrobiológica 27, 201–
209. 
Eguchi, T., Gerrodette, T., Pitman, R., Seminoff, J. and Dutton, P. (2007). At-sea density 
and abundance estimates of the olive ridley turtle Lepidochelys olivacea in the eastern 
tropical Pacific. Endanger. Species Res. 3, 191–203. 
Endres, C. S. and Lohmann, K. J. (2013). Detection of coastal mud odors by loggerhead sea 
turtles: a possible mechanism for sensing nearby land. Mar. Biol. 160, 2951–2956. 
English, A. K., Chauvenet, A. L. M., Safi, K. and Pettorelli, N. (2012). Reassessing the 
determinants of breeding synchrony in Ungulates. PLoS One 7, e41444. 
Fournier, D. A., Skaug, H. J., Ancheta, J., Ianelli, J., Magnusson, A., Maunder, M., Nielsen, 
A. and Sibert, J. (2012). AD Model Builder: using automatic differentiation for 
statistical inference of highly parameterized complex nonlinear models. Optim. Methods 
Softw. 27, 233-249. 
 
35 
Fukushiro, M., Takeuchi, T., Takeuchi, Y., Hur, S., Sugama, N., Takemura, A., Kubo, Y., 
Okano, K. and Okano, T. (2011). Lunar phase-dependent expression of Cryptochrome 
and a photoperiodic mechanism for lunar phase-recognition in a reef fish, goldlined 
spinefoot. PLoS One 6, e28643. 
Gates, C., Valverde, R., Mo, C., Chaves, J., Ballesteros, J. and Peskin, J. (1996). Estimating 
arribada size using a modified instantaneous count procedure. J. Agric. Biol. Environ. 
Stat. 1, 275–287. 
Gerlach, G. (2006). Pheromonal regulation of reproductive success in female zebrafish: female 
suppression and male enhancement. Anim. Behav. 72, 1119–1124. 
Grueber, C. E., Nakagawa, S., Laws, R. J. and Jamieson, I. G. (2011). Multimodel inference 
in ecology and evolution: Challenges and solutions. J. Evol. Biol. 24, 699–711. 
Güçlü, Ö., Bıyık, H. and Sahiner, A. (2010). Mycoflora identified from loggerhead turtle 
(Caretta caretta) egg shells and nest sand at Fethiye beach, Turkey. African Journal of 
Microbiology Research 4, 408–413. 
Hamann, M., Grech, A., Wolanski, E. and Lambrechts, J. (2011). Modelling the fate of 
marine turtle hatchlings. Ecol. Modell. 222, 1515–1521. 
Henson, S. M., Hayward, J. L., Cushing, J. M. and Galusha, J. G. (2010). Socially induced 
synchronization of every-other-day egg laying in a seabird colony. Auk 127, 571–580. 
Hirschfeld, M. and Rödel, M. O. (2011). Variable reproductive strategies of an African 
savanna frog, Phrynomantis microps (Amphibia, Anura, Microhylidae). J. Trop. Ecol. 27, 
601–609. 
Hughes, D. A. and Richard, J. D. (1974). The nesting of the Pacific ridley turtle Lepidochelys 
olivacea on Playa Nancite, Costa Rica. Mar. Biol. 24, 97–107. 
Jiménez-Quiroz, M. C., Filonov, F., Tereshchenko, I. and Márquez-M., R. (2005). Time-
series analyses of the relationship between nesting frequency of the Kemp’s ridley sea 
turtle and meteorological conditions. Chelonian Conserv. Biol. 4, 774–780. 
Jackson, C. (2016). Flexsurv: A platform for parametric survival modeling in R. J. Stat. Softw. 
70, 1-33.  
Jokiel, P. L., Ito, R. Y. and Liu, P. M. (1985). Night irradiance and synchronization of lunar 
release of planulae larvae in the reef coral Pocillopora damicornis. Mar. Biol. 88, 167–
174. 
Kalb, H. (1999). Behavior and physiology of solitary and arribada nesting olive ridley sea turtles 
(Lepidochelys olivacea) during the internesting period. PhD thesis, Texas A & M 




Kelly, P. J. and Lim, L. L.-Y. (2000). Survival analysis for recurrent event data: an application 
to childhood infectious diseases. Statist. Med. 19, 13–33.  
Koizumi, I. and Shimatani, I. K. (2016). Socially induced reproductive synchrony in a 
salmonid: an approximate Bayesian computation approach. Behav. Ecol. 0, 1–11. 
Kovach, R. P., Ellison, S. C., Pyare, S. and Tallmon, D. A. (2015). Temporal patterns in adult 
salmon migration timing across southeast Alaska. Global Change Biology 21, 1821–
1833. 
Luschi, P., Hays, G. C. and Papi, F. (2003). A review of long-distance movements by marine 
turtles, and the possible role of ocean currents. Oikos 103, 293–302. 
Majumder, S. Sen and Bhadra, A. (2015). When love is in the air: understanding why dogs 
tend to mate when it rains. PLoS One 10.12, e0143501. 
Martin, K., Bailey, K., Moravek, C. and Carlson, K. (2011). Taking the plunge: California 
grunion embryos emerge rapidly with environmentally cued hatching. Integr. Comp. Biol. 
51, 26–37. 
Mduma, S. A. R., Sinclair, A. R. E. and Turkington, R. (2007). The role of rainfall and 
predators in determining synchrony in reproduction of savanna trees in Serengeti 
National Park, Tanzania. J. Ecol. 95, 184–196. 
Mohring, M. B., Wernberg, T., Kendrick, G. A. and Rule, M. J. (2013). Reproductive 
synchrony in a habitat-forming kelp and its relationship with environmental conditions. 
Mar. Biol. 160, 119–126. 
Mundy, P. R. and Evenson, D. F. (2011). Environmental controls of phenology of high-latitude 
Chinook salmon populations of the Yukon River, North America, with application to 
fishery management. ICES Journal of Marine Science 68, 1155–1164. 
Naylor, E. (2001). Marine animal behavior in relation to lunar phase. Earth, Moon Planets 85–
86, 291–302. 
Neumann, D. and Heimbach, F. (1985). Circadian range of entrainment in the semilunar 
eclosion rhythm of the marine insect clunio marinus. J. Insect Physiol. 31, 549–557. 
Owens, D. W. (1980). The comparative reproductive physiology of sea turtles. Am. Zool. 20, 
549–563. 
Owens, D. W., Grassman, M. A. and Hendrickson, J. R. (1982). The imprinting hypothesis 
and sea turtle reproduction. Herpetologica 38, 124–135. 
Pennington, J. T., Mahoney, K. L., Kuwahara, V. S., Kolber, D. D., Calienes, R. and 
Chavez, F. P. (2006). Primary production in the eastern tropical Pacific: A review. Prog. 
Oceanogr. 69, 285–317. 
 
37 
Plotkin, P. T. (1994). Migratory and reproductive behavior of the olive ridley turtle 
Lepidochelys olivacea (Eschscholtz, 1829), in the eastern Pacific Ocean. PhD thesis, 
Texas A & M University, College Station, TX. 
Plotkin, P. T., Rostal, D. C., Byles, R. A. and Owens, D. W. (1997). Reproductive and 
developmental synchrony in female Lepidochelys olivacea. J. Herpetol. 31, 17–22. 
Polovina, J. J., Kobayashi, D. R., Parker, D. M., Seki, M. P. and Balazs, G. H. (2000). 
Turtles on the edge: movement of loggerhead turtles (Caretta caretta) along oceanic 
fronts, spanning longline fishing grounds in the central North Pacific, 1997-1998. Fish. 
Oceanogr. 9, 71-82. 
Pritchard, P. C. H. (1969). Studies of the systematics and reproductive cycles of the genus 
Lepidochelys. PhD thesis, University of Florida, Gainsville, FL. 
Putman, N. F., Bane, J. M. and Lohmann, K. J. (2010). Sea turtle nesting distributions and 
oceanographic constraints on hatchling migration. Proc. R. Soc. B Biol. Sci. 277, 3631–
3637. 
Reid, D. G. and Naylor, E. (1986). An entrainment model for semilunar rhythmic swimming 
behaviour in the marine isopod Eurydice pulchra Leach. J. Exp. Mar. Bio. Ecol. 100, 25–
35. 
Richard, J. D. and Hughes, D. A. (1972). Some observations of sea turtle nesting activity in 
Costa Rica. Mar. Biol. 16, 297–309. 
Saba, V. S., Santidrián-tomillo, P., Reina, R. D., Spotila, J. R., Musick, J. A., Evans, D. A. 
and Paladino, F. V. (2007). The effect of the El Niño Southern Oscillation on the 
reproductive frequency of eastern Pacific leatherback turtles. 395–404. 
Saba, V. S., Shillinger, G. L., Swithenbank, A. M., Block, B. A., Spotila, J. R., Musick, J. A. 
and Paladino, F. V. (2008). An oceanographic context for the foraging ecology of 
eastern Pacific leatherback turtles: Consequences of ENSO. Deep Sea Research Part I: 
Oceanographic Research Papers 55, 646–660. 
Salminen, T. S. and Hoikkala, A. (2013). Effect of temperature on the duration of sensitive 
period and on the number of photoperiodic cycles required for the induction of 
reproductive diapause in Drosophila montana. J. Insect Physiol. 59, 450–457. 
Salmon, M. and Witherington, B. E. (1995). Artificial lighting and seafinding by loggerhead 
hatchlings: Evidence for lunar modulation. Copeia 1995, 931–938. 
Schiml, P. A., Mendoza, S. P., Saltzman, W., Lyons, D. M. and Mason, W. A. (1996). 
Seasonality in squirrel monkeys (Saimiri sciureus): social facilitation by females. 




Shanker, K., Pandav, B. and Choudhury, B. C. (2003). An assessment of the olive ridley 
turtle (Lepidochelys olivacea) nesting population in Orissa, India. Biol. Conserv. 115, 
149–160. 
Skaug, H., Fournier, D., Bolker, B., Magnusson, A. and Nielsen, A. (2016). Generalized 
Linear Mixed Models using 'AD Model Builder'. R package version 0.8.3.3. 
Skov, M. W., Hartnoll, R. G., Ruwa, R. K., Shunula, J. P., Vannini, M., Cannicci, S., 
Bridge, M., Kingdom, U. and Erin, P. (2005). Marching to a different drummer: Crabs 
synchronize reproduction to a 14-month lunar-tidal cycle. Ecology 86, 1164–1171. 
Takemura, A., Sri Susilo, E., Saydur Rahman, M. D. and Morita, M. (2004). Perception and 
possible utilization of moonlight intensity for reproductive activities in a lunar-
synchronized spawner, the golden rabbitfish. J. Exp. Zool. 301A, 844–851. 
Tessmar-Raible, K., Raible, F. and Arboleda, E. (2011). Another place, another timer: marine 
species and the rhythms of life. Bioessays 33, 165–172. 
Valverde, R. A. (2013). Arribada Portal: The globalization of arribada estimates. Mar. Turt. 
Newsl. 137, 16–17. 
Valverde, R. and Gates, C. (1999). Population surveys on mass nesting beaches. In Research 
and Management Techniques for the Conservation of Sea Turtles (Eds. Eckert, K. L., 
Bjorndal, K. A., Abreu-Gobrois, F. A., and Donnelly, M.), IUCN/SSC Marine Turtle 
Specialist Group Publication No. 4. 
Valverde, R. A., Cornelius, S. E. and Mo, C. L. (1998). Decline of the olive ridley sea turtle 
(Lepidochelys olivacea) nesting assemblage at Nancite Beach, Santa Rosa National Park, 
Costa Rica. Chelonian Conserv. Biol. 3, 58–63. 
Valverde, R., Wingard, S., Gómez, F., Tordoir, M. and Orrego, C. (2010). Field lethal 
incubation temperature of olive ridley sea turtle Lepidochelys olivacea embryos at a mass 
nesting rookery. Endanger. Species Res. 12, 77–86. 
Valverde, R. A., Orrego, C. M., Tordoir, M. T., Gomez, F. M., Solis, D. S., Hernandez, R. 
A., Gomez, G. B., Brenes, L. S., Baltodano, J. P., Fonseca, L. G., et al. (2012). Olive 
ridley mass nesting ecology and egg harvest at Ostional Beach, Costa Rica. Chelonian 
Conserv. Biol. 11, 1–11. 
Wikelski, M., Hau, M. and Wingfield, J. C. (2000). Seasonality of reproduction in a 
neotropical rain forest bird. Ecology 81, 2458–2472. 
Willett, C. S., Leben, R. R. and Lavín, M.F. (2006). Eddies and tropical instability waves in 
the eastern tropical Pacific: A review. Prog. Oceanogr. 69, 218–238. 
Wilson, C. and Adamec, D. (2001). Correlations between surface chlorophyll and sea surface 
height in the tropical Pacific during the 1997 – 1999 El Nino — Southern Oscillation 
event. J. Geophys. Res. 106, 31,175-31,188. 
 
39 
Zar, J. H. (1999). Biostatistical analysis. India: Pearson Education. 
Zou, K. H., O'Malley, A. J. and Mauri, L. (2007). Receiver-operating characteristic analysis 









THE ANATOMY OF AN ARRIBADA: AERIAL OBSERVATIONS OF NEARSHORE 
AGGREGATIONS OF MASS-NESTING SEA TURTLES 
 
Introduction 
Synchronized reproduction, in which individuals of a species simultaneously spawn, 
mate, lay eggs, or give birth, occurs in diverse organisms (Skov et al., 2005; Henson et al., 2010; 
Martin et al., 2011). One of the most spectacular examples involves the mass-nesting behavior of 
olive ridley sea turtles (Lepidochelys olivacea E.). During mass-nesting events, also known as 
arribadas, thousands of adult females emerge from the ocean simultaneously to dig nests and lay 
eggs. Such events typically last for days and, in some geographic areas, occur periodically 
throughout the year (Valverde et al., 1998; Shanker et al., 2003; Bernardo and Plotkin, 2007; 
Valverde et al., 2012; Coria Monter and Durán-Campos, 2017).  
  The activities of the animals on the beach during nesting has been studied previously 
(Richard and Hughes, 1972; Valverde and Gates, 1999; Bézy et al., 2016). For example, line-
transect methodologies have been used to estimate the number of turtles nesting (Gates et al., 
1996; Valverde and Gates, 1999; Valverde, 2013). Little is known, however, about the behavior 
of turtles in the ocean before, during, and after mass-nesting events. Indeed, no information has 
been reported about the movements of turtles in the days before they appear on the beach, 
whether they aggregate in a specific staging area offshore, whether they move as individuals or 
as part of a coordinated group, or how they synchronize their arrival on the shore. 
As a first step toward investigating these questions, we conducted regular aerial drone 
surveys over the nearshore waters of Ostional, Costa Rica, a location renowned for its large olive 
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ridley arribadas. Videos recorded during flight were used to observe nearshore aggregations of 
turtles in the days before, during, and after mass-nesting events. Our study is the first to link the 




Ostional Beach spans approximately 4 km of coastline and is located on the northern 
Pacific coast of Costa Rica (Fig. 3.1). Mass-nesting events occur here throughout the year at an 
average interval of approximately 30 days (Valverde et al., 2012). 
 
Survey Methods 
A DJI Phantom 3 Professional quadcopter drone was used to conduct aerial surveys over 
the nearshore waters of Ostional Beach between August 2016 and August 2017 (Fig. 3.1). The 
Litchi app for DJI Phantom/Inspire (VC Technology Ltd) was used to plan and conduct the 
surveys. Each survey consisted of 5 different transects, spaced approximately 1 km apart. Each 
transect was 3 km in length and perpendicular to the coastline (Fig. 3.1). The drone flew at 30 
kmh-1 velocity and 40 m altitude from one of two take-off points. While in flight, the drone took 
video recordings during the seaward segment of each transect (Fig. 3.1). Video recordings were 
taken at 30 frames per second and each frame was 1920 x 1080 pixels.  
In the weeks between mass-nesting events, surveys were conducted every 3 days, weather 
permitting. Because a relationship between moon phase and the timing of events has been 
proposed (Richard and Hughes, 1972; Hughes and Richard, 1974; Plotkin et al., 1997), surveys 
were carried out more frequently (every day or every other day) during a week-long period 
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centered on the last-quarter moon. Surveys were conducted between 07:00 and 09:00 h, a time 
when glare from the ocean surface was minimal and conditions were typically calm (Beaufort 
sea state < 3). A polarized camera lens was used to further reduce glare. The order in which 
transects were flown was rotated, starting with a different takeoff point and transect on each 
survey date. Adjacent transects were flown within 30 minutes of one another to minimize the 
likelihood of double-counting turtles. All five transects were concluded within 90 min. 
 
Video Analysis 
Videos recorded during flight transects were analyzed using the software BORIS (Friard 
et al., 2016). For each turtle observed, the time at which it appeared in the video was noted; the 
approximate distance from shore was then determined based on the average speed of the aircraft 
and the time that the drone began its offshore flight from the high-tide line. To avoid potential 
bias due to changes in visibility and turbidity, only turtles at the surface were counted. The 
approximate area covered in each frame was determined using Image analysis software (approx. 




We used R (version 3.3.3) and JMP Pro (version 13.0.0) for all statistical analyses. The 
density of turtles was calculated as the number of individuals observed divided by the total area 
covered in each transect (0.216 km2). To summarize trends in the distance from shore and 
density of turtles observed throughout the monitoring period, we used the MASS package in R to 
generate a smoothed line of fit using general additive models (k = 25) with a negative binomial 
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function and maximum likelihood method (Venables and Ripley, 2002). Given the non-normal 
distribution and large sample size, a negative binomial distribution and larger degree of freedom 
proved more appropriate for these models (lower Akaike information criterion or AIC). 
Considering seasonality or significant data gaps did not improve the fit of either model (DAIC < 
5). We chose a degree of freedom that provided a lower AIC and represented overall trends in 
the data without overfitting the model (i.e., smoothing for each observation date). Where data 
gaps exist, the models interpolated data based on prior and subsequent observations. Our 
statistical models therefore represent trends in the data, although it is important to note that, 
because of smoothing, they do not always reflect accurately the mean distribution or density of 
turtles on a given observation date. 
 
Orientation Behavior 
To analyze the orientation of turtles, we examined videos from the last survey taken 
before and the first survey taken after the start of seven mass-nesting events. Still frames were 
extracted from areas with the highest densities of turtles on each date. Frames were taken at time 
intervals in the video that ensured turtles did not reappear in subsequent frames. Approximately 
the same number of turtles was analyzed for the days just before (n = 204) and after (n = 249) the 
seven events monitored. We then used image analysis software (ImageJ, version 1.51; Schneider 
et al., 2012) to measure the orientation angle of each turtle, defined as the angle between 
geographic north and a line drawn from the posterior end of the carapace through the center of 
the turtle’s head. The direction of geographic north was determined based on the heading of each 
flight path. The CircMLE package in R (Fitak and Johnsen, 2017) was used to analyze the 
distribution of orientation angles using a model-based approach. Ten different possible 
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distributions of orientation were considered (e.g., uniform, unimodal, bimodal, etc.; Schnute and 
Groot, 1992). The model of best fit was determined based on the AIC value. 
 
Density Estimates 
To estimate the total density of turtles in our surveys, we adjusted for possible bias 
introduced by turtles present below the surface (availability bias) using previously established 











where mean surface time (𝐸5) = 2.80 min and mean dive time (𝐸7) = 58 min, based on previous 
studies at another mass-nesting site in Costa Rica (Plotkin, 1994; Plotkin et al., 1995). The dive 
behavior of turtles varies with stage of the reproductive cycle (Plotkin, 1994). Olive ridley turtles 
are relatively inactive and remain in nearshore waters during inter-nesting periods, spending little 
time at the surface in comparison to post-nesting turtles (Plotkin, 1994; Plotkin et al., 1995; 
Kalb, 1999). Given the close proximity of surveys to the nesting beach, turtles were assumed to 
be in the inter-nesting period. We calculated the observation window (𝑤(𝑥) = 0.11 min) based 
on the width of the video frame and speed of the aircraft. We then calculated the total estimated 
density of turtles (𝐷) from the observed density of turtles (𝑛) with the following equation 








Because the timing of surveys was selected to minimize glare and because whitecaps 
were minimal away from the beach, we did not consider the impact of either in our estimates. 
Given that survey conditions and camera angle were optimal for viewing turtles at the surface, 
we further assumed that perception bias (i.e., bias introduced by undetected turtles) 
approximated zero. The use of video analysis software further reduced perception bias by 
allowing review of video at altered playback speed when necessary.  
Turtles did not appear to react to the presence of the drone in any of the flights. In 
addition, the likelihood of double-counting turtles within surveys was negligible because turtle 
movement is much slower than the speed of the aircraft (Polovina et al., 2004; Plotkin, 2010; 
Glennie et al., 2015). However, we cannot discount the possibility that turtles were double-
counted across survey dates.  
 
Mass-nesting census surveys 
Mass-nesting census data are collected at Ostional Beach as a part of a regional project in 
Costa Rica using previously described strip-transect-in-time methodology (Gates et al., 1996; 
Valverde and Gates, 1999). Researchers walk down the beach every two hours during mass-
nesting events to count the number of egg-laying turtles contained within two-meter wide 
transects, spaced 50 m apart across the nesting area and running perpendicular to the coastline. 
Censuses continue throughout each mass-nesting event until zero turtles are counted across all 
transects. The resulting census data are used to estimate the total number of nesting turtles 
participating in each event (for more details, see Valverde, 2013). To determine whether 
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nearshore densities are a good predictor of arribada size, we compared these estimates with the 
mean density of sea turtles observed within transects on the last observation date prior to the start 
of each mass-nesting event. 
 
Results 
The distribution of turtles was monitored over a year-long period and in the days before 
and after seven different mass-nesting events. In all, 22,039 turtles were observed during the 
course of 108 surveys (538 total transect flights). We also surveyed two different months in 
which a mass-nesting event did not occur (October 2016 and January 2017).  
Turtles were detected along the entire length of the 3-km transects, although few were 
observed within 500 m of shore until nesting began (Fig. 3.2A). Considerable variation was 
observed in the mean distance from shore (df = 6, p < 0.0001, ANOVA) and in the density of 
turtle aggregations (df = 6, p < 0.0001, ANOVA) preceding different mass-nesting events (Fig. 
3.2B and 3.2C). The density and distribution of turtles varied seasonally. Greater densities 
occurred closer to shore in the rainy season (May – November) than in the dry season (252 ± 14 
km-2 for rainy season based on 380 transects; 46 ± 25 turtles km-2 for dry season based on 112 
transects, mean ± s.e.m.; df = 490, p < 0.0001, t-test;). The mean distance from shore also varied 
with season (1269 ± 4 m from shore for rainy season based on 20919 turtles; 1618 ± 17 m from 
shore during dry season based on 1119 turtles, mean ± s.e.m.; df = 13857, p < 0.0001, t-test). 
The turtle aggregation intermittently moved onshore and offshore (Fig. 3.2B and 3.3A). In the 
months of October 2016 and January 2017, when a longer interval occurred between mass-
nesting events, turtles appeared to move closer to shore and then move away from shore when an 
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event would be expected based on the mean interval between events (approximately 30 days, 
Valverde et al., 2012; Fig. 3.3).  
We observed an extraordinarily high density of turtles in nearshore waters at Ostional 
Beach throughout the duration of the study (an estimated total of 684 ± 37 turtles km-2 for the 
rainy season and 126 ± 69 turtles km-2 in the dry season; mean ± s.e.m.). The largest and densest 
aggregation of turtles covered an area of approximately 6 km2 at a density of approximately one 
turtle per square meter (945 ± 481 turtles km-2, mean ± s.e.m., observed on November 20, 2016). 
The densities of turtles observed near shore just prior to each mass-nesting event was correlated 
with the number of turtles that subsequently nested (R = 0.93, P = 0.007, Spearman’s rank 
correlation; Fig. 3.4).  
The overall mean orientation of turtles within nearshore aggregations was approximately 
northwest (mean angle = 301°, n = 453, r = 0.4133, P < 0.0001, Rayleigh test). However, further 
analysis using a model-based approach (Fitak and Johnsen, 2017) revealed that turtles were 
oriented mainly in two different directions, approximately north and west-southwest (mean 
angles = 5° and 256°, κ1 = 2.01, κ2 = 2.01, λ = 0.43, homogenous bimodal distribution, ΔAIC < 
5; Table 3.1). Orientation distributions varied by season (mean angle = 309°, r = 0.34, P < 
0.0001, n = 345 in the rainy season and mean angle = 288°, r = 0.63, P < 0.0001, n = 108 in the 
dry season; df = 2, W = 31.29, P < 0.0001, Watson-Wheeler test; Fig. 3.5). Orientation 
distributions were also different before the start of a nesting event and after the onset of nesting 
(mean angle = 291°, r = 0.33, P < 0.0001, n = 204 before mass-nesting and mean angle = 306°, r 
= 0.49, P < 0.0001, n = 249 after mass-nesting; df = 2, W = 7.59, P = 0.023, Watson-Wheeler 
test; Fig. 3.5). The Watson-Wheeler test is sensitive to differences of both direction and 
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dispersion (Batschelet, 1981). Given the similarity in mean angles, the difference between the 
two distributions in both cases appears likely to be attributable to differences in dispersion. 
 
Discussion 
The results provide insight into how mass-nesting events of olive ridley turtles are 
structured and coordinated in coastal waters before turtles emerge on the beach. Findings reveal 
that turtles do not arrive en masse in the vicinity of the nesting area nor do they vacate nearshore 
waters as a group after each arribada. Instead, large numbers of turtles are present within 3 km of 
the coast throughout the year, often clustered in loose aggregations that constantly change in size 
and density. These groups intermittently move onshore and offshore (Figs. 3.2, 3.3). No 
stereotypical pattern of movement, aggregation, or group behavior was detected that invariably 
preceded an arribada and thus might serve as an indicator that mass nesting is imminent. 
Although turtles are continuously present in large numbers near Ostional beach during all 
months of the year, the data suggest seasonal differences, with higher density during the rainy 
season than in the dry season (Figs. 3.2, 3.3). On average, turtles were also positioned closer to 
shore during the rainy season (Figs. 3.2, 3.3). These interpretations must be considered tentative, 
inasmuch as they are based on surveys from a single year and are also limited to events occurring 
within 3 km of shore. Throughout the year, the nearshore densities of turtles before each arribada 
were correlated with the number of turtles that subsequently nested (Fig. 3.4). Thus, turtle 
density may be a useful predictor for the size of mass-nesting events. 
The extraordinary number of turtles that gather offshore near the small nesting beach at 
Ostional during the rainy season may represent the highest density of sea turtles found anywhere 
in the world (Valverde et al., 2012). Video analyses revealed 252 ± 14 turtles km-2 at the surface 
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and estimates suggested a total density of 684 ± 37 turtles km-2 when turtles below the surface 
are included (Fig. 3.2). By contrast, turtle densities have been estimated at 35 olive ridley turtles 
km-2 at the surface at another mass nesting site in Orissa, India (Tripathy, 2013). Other sites 
across the globe range from 0.002 loggerhead turtles km-2 in the Mediterranean, to estimates of 
up to 0.06 sea turtles km-2 in Florida, USA and a total estimate of 45 green turtles km-2 at the 
Great Barrier Reef (Chaloupka and Limpus, 2001; Lauriano et al., 2011; Bovery and Wyneken, 
2015). Because different methodologies were used to estimate turtle densities in different 
geographic locations, these comparisons must be interpreted with caution. Additionally, our 
surface density observations might represent changes in dive behaviour which are not considered 
in our analyses (Plotkin, 1994). Nonetheless, the results highlight the immense numbers of turtles 
that aggregate at Ostional National Wildlife Refuge and the importance of this site for 
conservation. 
Because arribadas occur at Ostional in all seasons and the species typically forages for 
much of the year in geographic areas remote from their nesting grounds (Plotkin et al., 1995; 
Plotkin, 2010), a constant turnover of turtles is likely to occur, with different individuals arriving 
and departing in staggered reproductive seasons throughout the year (Richard and Hughes, 
1972). In fact, the nearshore waters at mass nesting sites can include turtles at various 
reproductive stages and turtles can interchangeably nest solitarily or en masse (Plotkin et al., 
1997; Kalb, 1999). One interesting possibility is that turtles that nest at different times of year, 
such as those that nest during the wet season or the dry season, represent subgroups of turtles that 
feed in widely separated geographic locations, with each group migrating to Ostional on a 
different temporal schedule influenced by environmental conditions in the foraging area. Further 
investigations will be needed to elucidate the structure of the nearshore turtle populations, as 
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well as the movement patterns, migratory events, and ecological factors that influence the size 
and timing of arribadas. 
The videos acquired during aerial surveys have also documented orientation behavior 
within nearshore turtle aggregations (Fig. 3.5). Conventional circular statistics (Batschelet, 1981) 
revealed that turtles within nearshore aggregations were non-randomly oriented during the wet 
season and dry season, as well as before and after arribadas (Fig. 3.5). In all cases, the overall 
mean angles were west-northwest, thus slightly, rather than directly offshore (Fig. 3.1, 3.5). A 
second analysis with a model-based approach (Fitak and Johnsen, 2017) suggested that the data 
best fit a bimodal distribution with orientation peaks approximately in the north and west (Fig. 
3.5). Significant seasonal differences in distributions were observed, as well as differences 
before and after arribadas (Fig. 3.5).  
The biological significance of the orientation behavior is unclear. One possibility is that 
the orientation reflects differences in the behavior of turtles at different times. For example, after 
each arribada some turtles probably remain in the nearshore area to nest again, while others that 
have completed nesting for the year depart the area and migrate to distant foraging grounds 
(Plotkin, 1994; Plotkin et al., 1995; Plotkin, 2010). The varying proportions of turtles oriented 
approximately north or west, as well as the overall dispersion of the population thus may reflect 
differences in behavioral states at different times. For example, turtles orienting north might 
include many beginning northward migrations, while west-southwest (offshore) orientation 
might be characteristic of turtles remaining in the area to nest again. On the other hand, turtles in 
nearshore areas might tend to orient into approaching waves (and thus offshore) to avoid being 
pushed shoreward (Lohmann and Lohmann, 1992) or against ocean currents to maintain their 
position nearshore. An important limitation is that the data were acquired from images and thus 
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reflect directions that animals faced at a given time, rather than necessarily reflecting the 
direction actually moved. Regardless, the data demonstrate the feasibility of monitoring group 
orientation by aerial drones and lay the foundation for future investigations. 
In sum, this study represents the first description of the nearshore distribution and 
movements of sea turtles in the context of mass-nesting events. The findings reveal that turtles 
do not arrive to the nesting beach, nest, and depart en masse. Instead, turtles form offshore 
aggregations that are present near the nesting beach throughout the year, with aggregations 
persisting even as individual turtles come and go. The findings also reveal considerable variation 
among individual arribadas, with no universal pattern of group movement reliably preceding 
group emergence on the beach. Studies in other locations are needed to determine whether all 
arribadas worldwide are structured in similar ways or if each mass-nesting location has a unique 
pattern. Total density estimates derived from aerial surveys can also be improved by determining 
the proportion of turtles at various behavioral stages and their respective dive behavior. The 
results highlight the ability of aerial drone technology to acquire previously unattainable data 
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Table 3.1: Results from the analysis of sea turtle orientation using the CircMLE package in 
R.  
The model of best fit is indicated with an asterisk and models ΔAIC < 5 are indicated in bold.   
 
Model  P φ1 κ1  λ  φ2 κ2  ΔAIC  
Homogenous bimodal*  4 0.09 2.01 0.43 4.48 2.01 0.00 
Bimodal  5 4.77 1.29 0.75 0.32 4.91 4.41 
Modified unimodal  3 5.17 1.14 0.75 NA 0 48.84 
Axial bimodal  4 1.90 0.02 0.25 5.04 1.07 56.06 
Symmetric modified unimodal  2 5.16 1.52 0.50 NA 0 68.62 
Symmetric bimodal  3 1.92 0 0.50 5.06 1.77 72.91 
Homogenous axial bimodal  3 4.99 1.26 0.75 8.13 1.26 104.61 
Unimodal  2 0 0.42 1.00 NA 0.00 154.67 
Homogenous symmetric bimodal  2 0.89 0.97 0.50 4.03 0.97 186.42 
Uniform  0 NA 0 1.00 NA 0 191.66 
 
Number of free parameters (P); mean direction in radians(φ1) and concentration parameter (κ1) 
for the first mode; mean direction in radians (φ2) and concentration parameter (κ2) for the 






Figure 3.1: Map of Ostional Beach, Costa Rica and survey transects.  
Each survey consisted of 5 different transects, spaced approximately 1 km apart. Each transect 
was 3 km in length and perpendicular to the coastline. The drone flew from one of two take-off 
points and recorded video during the seaward segment of each flight. Numbers indicate the take-





Figure 3.2: (A) The observed nearshore distribution, (B) mean distance from shore, and (C) 
mean density of sea turtles for survey dates (August 2016 – August 2017).  
Translucent black dots (A) represent each turtle observed at the surface at a given distance from 
shore for all survey dates. Grey shaded areas indicate gaps in monitoring (6+ days) and blue 
shaded areas indicate the rainy season. Opaque black dots (B, C) represent the mean and grey 
error bars indicate the standard deviation. The start date of mass-nesting events is indicated with 
a vertical, solid red line. Mass-nesting events that were not monitored are indicated with a 







Figure 3.3: Modelled trends in (A) the mean distance from shore and (B) the mean density 
of sea turtles for survey dates (August 2016 – August 2017).  
The blue line represents a smoothed fit to the data (generalized additive model), with 95% 
confidence intervals indicated in grey. Gaps in monitoring (6+ days) are indicated by a dotted 
blue line, where the model interpolates data for these dates. The start date of mass-nesting events 
is indicated with a vertical, solid red line. Mass-nesting events that were not monitored are 





Figure 3.4: The relationship between the mean density of turtles observed at the surface 
just prior to mass-nesting and estimates of the total number of turtles nesting for each 
event. 
 The number of turtles that nested was closely correlated to the nearshore densities of turtles we 
observed just prior to each mass-nesting event (black dots; R = 0.93, P = 0.007, Spearman’s 
rank correlation). The blue line represents a linear regression and 95% confidence intervals (grey 





Figure 3.5: Orientation of offshore turtles in association with mass-nesting events.  
Black dots represent the orientation of each individual. The black arrow inside each circle 
indicates the mean direction of each group based on the Rayleigh test (Batschelet, 1981). Shaded 
areas within the circles indicate 95% confidence intervals for the unimodal distribution. A 
second analysis using a model-based approach (Fitak et al., 2017) provided results compatible 
with a bimodal distribution, with the grey arrowheads outside the circle indicating the two 
preferred directions. The grey arc outside the circle indicates the approximate direction of the 
shoreline, with the midway point of the arc (approximately NE) indicating the most direct route 
back toward shore (see Fig. 3.1). Orientation distributions varied by season (mean angle = 309°, 
r = 0.34, P < 0.0001, n = 345 in the rainy season and mean angle = 288°, r = 0.63, P < 0.0001, n 
= 108 in the dry season). Orientation distributions also differed before and after the onset of 
nesting (mean angle = 291°, r = 0.33, P < 0.0001, n = 204 before mass-nesting and mean angle = 
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A POSSIBLE ROLE OF OLFACTION IN THE  
TIMING OF MASS-NESTING IN SEA TURTLES 
 
Introduction 
Reproductive synchrony occurs in diverse organisms and can be driven by a variety of 
mechanisms. In some species, reproduction is timed through an endogenous rhythm entrained on 
one or several environmental variables (Takemura et al., 2004; Skov et al., 2005; Fukushiro et 
al., 2011). In others, synchronized reproduction is driven by an interplay of factors that can 
simultaneously bring numerous individuals into a physiological state conducive for reproduction 
(Wikelski et al., 2000; Schauber et al., 2002). Pheromones, visual cues, and social facilitation 
can also play a role in coordinating behavior (Schiml et al., 1996; Stacey, 2003; Gerlach, 2006; 
Koizumi and Shimatani, 2016).   
The reproductive synchrony of olive ridley sea turtles (Lepidochelys olivacea E., 1829) is 
particularly impressive, with mass nesting events or arribadas, involving hundreds of thousands 
of turtles emerging during the same few days to lay eggs along a small stretch of beach. Little is 
known, however, about the mechanisms that allow turtles to synchronize their behavior. Mass-
nesting behavior could be triggered by any one of a variety of internal mechanisms, 
environmental conditions, or social interactions, or a combination of several such factors. 
Several authors have speculated about possible environmental triggers for mass-nesting events, 
such as wind, precipitation, lunar and tidal cycles (Carr, 1967; Pritchard, 1969; Richard and 
Hughes, 1972; Hughes and Richard, 1974; Plotkin, 1994; Jiménez-Quiroz et al., 2005). Mass-
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nesting might also be coordinated by chemical secretions, known as pheromones, that influence 
the behavior of other individuals (Owens et al., 1982; Bernardo and Plotkin, 2007).  
The idea that a rising level of a pheromone might trigger mass nesting is plausible, given 
that sea turtles can detect chemical cues in both air and water (Manton et al., 1972; Endres and 
Lohmann, 2012; Endres and Lohmann, 2013). Moreover, some reptiles produce chemicals that 
influence social behavior (Mason and Parker, 2010). For example, several species of freshwater 
turtle can discern the sex and species of another turtle based on chemical cues alone (Munoz, 
2004; Poschadel et al., 2006; Galeotti et al., 2007; Lewis et al., 2007; Ibáñez et al., 2012). Both 
freshwater turtles and sea turtles also have Rathke’s glands, secretory glands of unknown 
function that are unusually large and prominent in olive ridley turtles (Wyneken, 2001; Bernardo 
and Plotkin, 2007). While the idea that chemical signals and olfaction might play a role in the 
synchronized nesting behavior of sea turtles is intriguing, no studies have been undertaken to 
investigate this possibility.   
If olfaction is involved in the synchronization of mass nesting, then disrupting the 
olfactory sense might result in asynchronous or delayed nesting. As a first step toward 
investigating this hypothesis, we attempted to temporarily disrupt olfaction in olive ridley turtles 
to assess the effect on timing of nesting during a mass-nesting event. Turtles captured at sea 
before an arribada, treated with an olfactory anesthetic, and released offshore nested significantly 
later than control turtles treated with saline. These results are consistent with the possibility that 
olfactory cues play a role in synchronizing mass nesting, although alternative explanations 








Study site and arribada 
The study was conducted during a 4-night arribada that occurred in August, 2017, along 
approximately 4 km of coastline in Ostional, Costa Rica (Fig. 4.1). This site is renowned for 
large mass-nesting events that can involve up to 500,000 olive ridley turtles (Valverde et al., 
2012). Mass-nesting at Ostional occurs throughout the year, typically at intervals of 
approximately 30 days (Valverde et al., 2012).  
 
Turtle capture and selection 
Prior to a mass-nesting event, gravid female olive ridley turtles were captured offshore by 
swimmers over a period of two days. Turtles were captured within 5 km of Ostional Beach (Fig. 
4.1). A portable ultrasound machine and multi-frequency probe (WristScan V9, Beijing Carejoy 
Technology Co.; (Rostal et al., 1998)) were used to confirm the presence of oviductal eggs to 
ensure that turtles used in the experiment were likely to nest imminently. Basic morphometric 
data were collected for each turtle to ensure that turtles assigned to experimental and control 
groups were equivalent in terms of size. 
 
Olfactory treatment procedure  
Each turtle was assigned to one of two treatment groups as it was brought onto the boat, 
with turtles being alternately assigned to different groups. Each turtle was positioned upside 
down on its carapace with its head tilted downwards; a syringe with a blunted, curved end was 
then used to squirt one of two liquids (see below) through the external and internal nares 
(Manton et al., 1972). For one group of turtles (n = 15), the nares were flushed with 
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approximately 5 ml of 0.35 M zinc sulfate solution in accordance with previously described 
methods (Manton et al., 1972; Manton, 1973). For the second group (n = 15), turtles were treated 
identically except that approximately 5 ml of seawater was injected into the nares instead of zinc 
sulfate; this process has no effect on olfaction (Manton et al., 1972).  
When flushed through the olfactory cavity, zinc sulfate causes the degeneration of 
olfactory receptor cells and results in temporary anosmia; cells regenerate over time and 
olfactory abilities eventually return (Cancalon, 1982). This treatment is a standard technique 
used to induce temporary anosmia in diverse organisms (Benvenuti et al., 1992; Slotnick et al., 
2000; McBride et al., 2003). Previous studies have demonstrated that sea turtles (Chelonia 
mydas) are temporarily unable to detect chemical odors underwater for a period of 1 to 5 days 
after intranasal treatment with zinc sulfate (Manton et al., 1972).  
 
Tagging and re-encountering turtles 
Turtles were held for approximately 15 minutes after treatment and prior to release. 
During this time, each turtle was tagged with a VHF radio transmitter (V2G 154C, Sirtrack), 
which was secured to the turtle with a plastic cable tie through two small holes drilled in the 
trailing edge of the posterior margin of the carapace. To allow identification upon recapture, we 
also applied a metal flipper tag (Inconel 681, National Band & Tag Co.) to the second proximal 
scute of the right foreflipper. Additionally, we painted a longitudinal or transverse white stripe 
on each turtle’s carapace to indicate the treatment group and make it easier to find treated turtles 




 For the next five nights (beginning with the first night after all turtles had been released), 
the beach was patrolled in search of marked turtles emerging to nest. The period of monitoring 
included two nights before and three nights after the onset of mass-nesting. To assist with 
detecting the marked turtles, two handheld VHF antennae and receivers (RA-23K and TR-4K, 
Telonics) were used intermittently at different points along the beach. To maximize the number 
of turtles re-encountered, searching continued without confirming nesting, although egg-laying 
was recorded when observed. 
 
Treatment of turtles emerging to nest on the beach 
During a second arribada in September, 2017, additional tests were carried out to 
investigate whether the application of zinc sulfate might have a non-specific effect that can 
disrupt or suppress nesting. Turtles (n = 23) were captured as they emerged to nest on the beach. 
The presence of oviductal eggs was confirmed with ultrasound. Zinc sulfate (n = 4 turtles) or a 
sea water control (n = 3 turtles) was applied to the internal and external nares as described 
previously. During part of the night, a lack of personnel prevented us from opening the mouths 
of turtles to access the internal nares; as a result, some of the turtles had zinc sulfate (n = 8 
turtles) or sea water (n = 8 turtles) applied only to the external nares. After treatment, turtles 
were marked with a stripe of white paint and a metal flipper tag. We then monitored the behavior 
of each turtle to determine if it nested. Because some turtles crawled into the sea after handling 
but then emerged a short time later to nest, we monitored the nearby beach (within about 500 m 





Statistical Analysis  
Statistical analyses were performed using JMP Pro 13 (SAS, Cary, NC). Non-parametric 
tests were used for all analyses. Mann-Whitney U tests were used to determine if turtles in the 
zinc sulfate and seawater (control) groups: (1) emerged on the beach at different times during the 
arribada; (2) had different intervals of time between release at sea and when they were re-
encountered on the beach; and (3) emerged at different locations along the beach. Additional 
Mann-Whitney U-tests were used to ensure that no size difference existed between the two 
groups and also to investigate whether the day of treatment affected the timing of emergence. A 
Fisher’s exact test was used to assess whether the day of treatment affected the proportion of 
turtles re-encountered.  
It was not possible to confirm the identity and time of treatment for one turtle whose tag 
became lodged against her flipper in such a way that it could not be read. The treatment group 
for this turtle (zinc sulfate) was identified using the paint stripe and this individual was excluded 
from statistical analyses of the interval between treatment and re-encounter. By process of 
elimination (i.e., taking into consideration the turtles re-encountered), this turtle nested 61 – 82 
hours after treatment. We were unable to confirm location for four turtles (n = 2 per treatment 
group), which were excluded from the analysis of treatment effects on the location of emergence 
on the beach to nest. 
We used mass-nesting census data to compare the timing of re-encounter in the timing of 
the mass-nesting event that coincided with our experiment. Mass-nesting census data are 
collected at Ostional Beach as a part of a long-term regional study in Costa Rica using previously 
described strip-transect-in-time methodology (Gates et al., 1996; Valverde and Gates, 1999). 
Researchers walk down the beach every two hours during mass-nesting events to count the 
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number of egg-laying turtles contained within two-meter wide transects, spaced 50 m apart 
across the nesting area and running perpendicular to the coastline. Censuses continue throughout 
each mass-nesting event until zero turtles are counted across all transects. The resulting census 
data provide a count of the number of egg-laying turtles within all transects for every census time 
point and therefore represent an approximation of the temporal distribution of nesting turtles 
throughout each event. 
 
Results 
We re-encountered 16 of the 30 turtles as they emerged to nest during the mass-nesting 
event (n = 8 per treatment group). Turtles treated with zinc sulfate emerged to nest later in the 
arribada (second night at 21:10 h ± 5 h; mean ± s.e.m.) than controls (first night at 01:19 ± 5 h; P 
= 0.004, z = 2.89, Mann-Whitney U test; Fig. 4.2). Turtles treated with zinc sulfate also took 
significantly longer to come ashore after treatment (104 ± 6 h) than controls (74 ± 6 h; P = 0.004, 
z = 2.85, Mann-Whitney U test; Fig. 4.3).  
There was no effect of treatment on the location where turtles were re-encountered as 
they emerged to nest (n = 12, P = 0.689, z = - 0.40, Mann-Whitney U test; Fig. 4.4). 
Additionally, there was no difference in curved carapace length (64 ± 4 cm; P = 0.54, z = 0.62, 
Mann-Whitney U test) or width (67 ± 3 cm) between treatment groups (n = 30, P = 0.35, z = 
0.93, Mann-Whitney U test). There was also no effect of the day turtles were captured, treated, 
and released on the subsequent timing of emergence to nest (P = 0.245, z = -1.16, Mann-Whitney 
U test). Additionally, there was no effect of treatment on the proportion of turtles re-encountered 
from each treatment date (df = 1, n = 2, P = 1.0, Fisher’s Exact test).  
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At least five of the treated turtles nested successfully; four of these had been treated with 
zinc sulfate and one had been treated with seawater. Two turtles from each treatment group were 
found twice and presumably did not nest successfully on their first emergence.  
Of the turtles captured on the beach during the September arribada and treated with zinc 
sulfate, a majority (8 of 12) either nested almost immediately afterwards or else returned to the 
sea but were observed nesting in the same area (within approximately 500 m) later that night. 
The total number observed nesting included 2 of 4 turtles with the zinc sulfate administered to 
both internal and external nares and 6 of 8 turtles with the zinc sulfate administered to the 
external nares alone. Individuals treated with sea water behaved similarly (7 of 11 turtles were 
observed nesting). The total number observed nesting included 1 of 3 turtles with sea water 
administered to both internal and external nares and 6 of 8 turtles with sea water administered to 
the external nares alone. Overall, no difference was detected between the proportion of turtles 
that nested after being treated on the beach with zinc sulfate and the proportion that nested after 
being treated with sea water (df = 1, n = 4, P = 1.0, Fisher’s exact test). 
 
Discussion 
Turtles treated intranasally with zinc sulfate emerged to nest significantly later in the 
arribada and significantly longer after they were released at sea than controls treated with 
seawater (Fig. 4.2, 4.3). The reason that the zinc sulfate treatment resulted in delayed nesting is 
not known. Several explanations are possible, including: (1) temporary loss of olfaction 
prevented turtles from detecting a pheromone or other chemical signal in the environment that 
facilitates synchronized nesting; (2) loss of olfaction impaired the ability of turtles to reach or 
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recognize the nesting beach; (3) zinc sulfate produced discomfort or other general effects on 
health that suppressed nesting motivation or altered swimming, feeding, or other behavior.  
A limitation of the study is the effectiveness or duration of olfactory impairment for 
individual turtles is unknown. Previous studies on other species of sea turtle suggest that 
olfaction is recovered in 1 to 5 days following zinc sulfate treatment (Chelonia mydas, Manton et 
al., 1972). Most turtles in this study emerged 4 to 5 days after they were treated, perhaps 
indicating that emergence was delayed until after recovery occurred.  
 
Pheromones and environmental chemical signals 
Olfactory impairment may prevent turtles from detecting a pheromone that coordinates 
mass nesting, thus accounting for why individuals treated with zinc sulfate reached the beach 
more slowly than controls. The possibility that a pheromone is involved in synchronizing mass-
nesting events has long been discussed (Pritchard, 1979; Owens et al., 1982; Bernardo and 
Plotkin, 2007). The enlarged Rathke glands of olive ridley turtles have attracted attention as a 
possible pheromone source (Ehrenfeld and Ehrenfeld, 1973; Owens et al., 1982; Weldon et al., 
1990; Chin et al., 1996; Wyneken, 2001; Bernardo and Plotkin, 2007). Moreover, because sea 
turtles can detect chemical cues in both water and air (Manton et al., 1972; Endres and Lohmann, 
2012; Endres and Lohmann, 2013), a pheromone could hypothetically be either waterborne, 
airborne, or a combination of the two. In the context of the hypothesis that a pheromone builds 
up in the environment and reaches a threshold that triggers mass nesting, it is noteworthy that 
several environmental variables that may influence the dispersion and concentration of chemical 
cues, including oceanographic features, humidity, and rainfall, have been implicated as factors 
that influence arribada timing (Plotkin et al., 1997; Coria-Monter and Durán-Campos, 2017). 
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Nevertheless, whether pheromones play a role in the mass-nesting of sea turtles remains a matter 
of speculation. 
An alternative possibility is that when turtles first begin nesting, organic matter in the 
freshly turned sand provides an airborne chemical signal that is rapidly carried offshore, in 
essence providing notification that the arribada has begun and inducing other turtles to nest. The 
sand at Ostional has an unusually high concentration of organic material resulting from the 
deposition of millions of eggs over many years. Given that other species of sea turtles can detect 
odors associated with coastal mud (Endres and Lohmann, 2013), it is possible that L. olivacea 
might detect a sudden increase in airborne organic compounds. 
In principle, other olfactory cues from the environment might influence the timing of 
arribadas in less direct and precise ways. For example, airborne olfactory cues might 
hypothetically provide information about whether conditions on the nesting beach are favorable 
for nesting. Nearshore vegetation, as well as bacterial and fungal composition of beach sand, 
presumably change with conditions that affect egg survival, including humidity and rainfall. 
Different conditions might produce distinctive olfactory signatures that are detectable offshore. 
The environment might therefore provide olfactory cues that reflect the likelihood of nesting 
success, one that turtles wait to receive as confirmation of favorable nesting conditions before 
going ashore to nest.  
 
Navigational impairment 
A different possibility is that turtles require olfaction to guide themselves to the nesting 
beach from a short distance offshore, or to recognize the nesting beach as the correct location 
once they have arrived. Animal orientation and navigation are typically controlled by a 
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combination of different sensory cues (Bingman and Benvenuti, 1996; Avens and Lohmann, 
2003; Lohmann et al., 2008; Pollonara et al., 2015; Endres et al., 2016; Padget et al., 2017). 
Although sea turtles are known to use information from the earth’s magnetic field to make long-
distance migrations (Lohmann, 2007; Lohmann et al., 2007), they likely use visual and olfactory 
cues to reach nesting beaches once they are near (Avens and Lohmann, 2003; Endres and 
Lohmann, 2012; Endres and Lohmann, 2013; Endres et al., 2016). In this study, gravid turtles 
were captured within 3 km from shore just 2 or 3 days prior to the start of a mass-nesting event. 
Given that mass-nesting turtles are relatively inactive and typically remain in nearshore waters 
during inter-nesting periods (Plotkin, 1994; Plotkin et al., 1995; Kalb, 1999), it is likely that 
turtles in our study remained near the beach before emerging to lay their eggs. In light of the 
short distance that turtles needed to travel to reach the beach, the fact that the beach is visible 
from several km offshore, and that several additional potential cues (e.g., waves moving toward 
shore, sounds of surf) were present, it appears unlikely that turtles were unable to reach the 
nesting beach because they were anosmic. Additionally, the zinc sulfate treatment did not affect 
the location on the beach where turtles were re-encountered (n = 12, P = 0.689, z = - 0.40, Mann-
Whitney U test; Fig. 4.4). Assuming olfactory abilities were diminished, this lack of an effect 
could be explained if turtles did not attempt to reach shore until their olfactory abilities returned. 
In sum, although it appears unlikely that the delay in nesting observed in the zinc sulfate turtles 
arose from a navigational impairment, this possibility cannot be excluded.   
A slightly different possibility is that anosmic turtles were able to reach the beach without 
difficulty, but that olfactory cues are necessary for recognizing the home beach. Some limited 
evidence suggests that some species may recognize the chemical signature of a home area 
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(Grassman et al., 1984). If so, then turtles might delay nesting until the appropriate chemical 
signature is detected, ensuring that the target beach has been reached. 
 
Non-specific effects 
Zinc sulfate may have a non-specific effect that alters the physiology or the motivational 
state of turtles, so that the effects observed in the study are unrelated to olfactory impairment. 
Previous studies have failed to find general effects of this treatment on feeding, swimming, or 
other behavior in green sea turtles (C. mydas, Manton et al., 1972). Similar studies conducted 
with diverse species have also reported no difference in the behavior of individuals treated with 
zinc sulfate relative to saline-treated controls (Benvenuti and Gagliardo, 1996; Bingman and 
Benvenuti, 1996; Gagliardo et al., 2016; Padget et al., 2017). To ensure that the application of 
zinc sulfate did not suppress nesting behavior in gravid turtles or elicit other obvious, unexpected 
responses, we applied zinc sulfate and seawater intranasally to 23 turtles that emerged on the 
beach to nest. Over half of the turtles in each group were observed nesting within minutes to 
hours afterwards (see Results). These results imply that zinc sulfate did not have a major, 
disruptive effect on nesting once turtles were on the beach relative to seawater controls. The 
effects of the treatments on the animals while offshore are, however, unknown. In sum, although 
the possibility that delayed nesting was attributable to an overlooked generalized effect of zinc 
sulfate cannot be excluded, this appears unlikely. 
 
Future Directions 
The study represents the first attempt to investigate experimentally how sea turtles 
synchronize their behavior during mass-nesting events; treatment that may have impaired 
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olfaction affects when individuals nest during an arribada. The results are consistent with the 
hypothesis that olfaction plays a role in the nesting behavior of olive ridley turtles, but whether 
or how olfaction is involved remains unclear. A particularly interesting possibility is that turtles 
might produce a pheromone that facilitates synchronous nesting, but alternative explanations 
cannot be excluded.   
Our approach provides a foundation for future work and demonstrates the feasibility of 
using field experiments to investigate behavioral and physiological mechanisms underlying 
arribadas. Future studies should continue to explore the role of olfaction in arribadas, with 
special attention given to how olfactory cues might synchronize nesting or, alternatively, 
function in fine-scale navigation to the nesting beach and/or recognition of the nesting area. 
Unraveling how mass-nesting events are organized and coordinated will be of interest both in the 
context of animal behavior research and in the context of efforts to conserve and protect olive 
ridley turtles.   
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Figure 4.1: Map of Ostional Beach, Costa Rica and the area where sea turtles were 
captured.  
Sea turtles were captured, treated and released within the dotted area within 48 hours of the start 





Figure 4.2: (A) The number of turtles encountered from each treatment group as they were 
emerging to nest during the mass-nesting event and (B) the number of turtles in census 
surveys throughout the mass-nesting event (for comparison).   
Black horizontal bars indicate nighttime. Turtles treated with zinc sulfate (n = 8) emerged to nest 
later in the arribada than those treated with seawater (n = 8; P = 0.004, z = 2.89, Mann-Whitney 




Figure 4.3: The time elapsed (hours) between release of turtles at sea and re-encounter as 
they emerged to nest.  
Turtles treated with zinc sulfate (n = 7) were re-encountered longer after they were treated than 
those treated with seawater (n = 8; P = 0.004, z = 2.85, Mann-Whitney U test). We were unable 
to confirm the time of treatment for one turtle (not shown) whose flipper tag could not be read. 
We therefore identified only the treatment group for this turtle (zinc sulfate) using the direction 
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Figure 4.4: The location along the beach (km, north to south) where experimental turtles 
were re-encountered.  
There was no effect of treatment on the location along the beach where turtles were re-
encountered as they emerged to nest (n = 12, P = 0.689, z = - 0.40, Mann-Whitney U test). We 
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This research was designed to investigate mass-nesting behavior in olive ridley turtles, 
including the timing and structure of arribadas, the behavior of turtles in nearshore waters around 
the time of mass-nesting, and possible cue(s) for nesting synchronization. The approach involved 
analyzing a large dataset with statistical models to identify environmental cues associated with 
mass nesting, monitoring nearshore sea turtle aggregations with aerial drones, and performing a 
behavioral experiment. My findings reveal previously unknown movements and patterns of 
behavior near the time of arribadas. The behavioral results suggest that an olfactory cue might be 
involved in synchronizing mass-nesting, although additional research will be needed to confirm 
or refute this hypothesis. Overall, the results suggest that mass-nesting behavior is likely 
mediated by a complex interplay of multiple sensory cues.  
Synchronized reproduction occurs in diverse organisms, often as a result of individuals 
simultaneously responding to the same environmental stimuli when strong fitness advantages 
exist (Eckrich and Owens, 1995; Wikelski et al., 2000; Skov et al., 2005). For instance, 
reproductive timing might be environmentally constrained where habitat is limited, conditions 
are variable, and food or other resources are constrained in space or time, thereby impacting 
reproductive success. 
Environmental variables influence the timing of reproduction in many species (Wikelski 
et al., 2000; Mduma et al., 2007; Hirschfeld and Rödel, 2011), and studies suggest that such cues 
might play a role in mass-nesting behavior (Pritchard, 1969; Richard and Hughes, 1972; Hughes 
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and Richard, 1974; Plotkin et al., 1997; Jiménez-Quiroz et al., 2005; Coria-Monter and Durán-
Campos, 2017). In Chapter 2, I investigated whether a suite of environmental variables could 
improve predictions of the timing of mass-nesting and the number of L. olivacea  participating. I 
analyzed 10 years of mass-nesting data, made observations of patterns in the behavior, and then 
used statistical models to investigate whether seven different environmental variables could 
serve as predictors of the timing and number of turtles participating in arribadas. Consistent with 
previous findings (Richard and Hughes, 1972; Hughes and Richard, 1974; Plotkin et al., 1997), 
my analysis revealed a strong association between the onset of nesting and lunar phase, with 
most but not all mass-nesting events occurring near the time of the last-quarter moon. 
Considering lunar phase along with several additional variables improved model predictions of 
the onset of nesting. Predictions of the number of turtles nesting during events were also 
improved by considering several atmospheric and oceanographic parameters, in agreement with 
previous observations of a correlation between the number of nesting turtles and environmental 
variables in other studies (i.e., ocean currents, wind, air temperature; Jiménez-Quiroz et al., 
2005; Coria-Monter and Durán-Campos, 2017). Taken together, the results suggest a number of 
environmental factors and physiological processes interact to influence the timing and abundance 
of mass-nesting events, and that no single environmental variable is a reliable predictor.  
In Chapter 3, I investigated the nearshore density and distribution of L. olivcea in 
association with mass-nesting events, making the first quantitative behavioral observations of 
turtles offshore of this nesting site. Through aerial surveys with a drone, turtles were observed at 
sea over periods of time that spanned seven arribadas. Methodology was developed to observe 
sea turtles at sea, quantify their density (Sykora-Bodie et al., 2017), and potentially automate 
data analysis in future studies (Gray et al., 2018). Video analysis revealed that large aggregations 
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of turtles were present in offshore areas throughout the year, with apparent seasonality in the 
abundance of turtles and the distance of aggregations from shore. No clear organization of 
animals appeared to occur at sea and no universal pattern of group movement was detected prior 
to all arribadas. This study represents the first description of the nearshore distribution of sea 
turtles in association with synchronized nesting events and demonstrates that the mere presence 
of numerous turtles near shore is not an infallible indicator that an arribada is imminent.  
While there is much speculation and even some evidence to support the potential role of 
olfaction in the reproductive behavior of sea turtles (Pritchard, 1969; Ehrenfeld and Ehrenfeld, 
1973; Owens et al., 1982; Crowell Comuzzie and Owens, 1990; Wyneken, 2001; Bevan et al., 
2016), whether olfaction plays a role in mass nesting is unknown. In Chapter 4, I investigated 
this hypothesis by attempting to temporarily disrupt olfaction in L. olivacea to determine whether 
this manipulation altered the timing of emergence to nest during a synchronized nesting event. 
Shortly before the start of an arribada, the nostrils of gravid L. olivacea turtles were treated with 
either a putative olfactory anesthetic (zinc sulfate) or saline (control) solution. Turtles were 
marked and released at sea and researchers monitoring the beach then re-encountered the marked 
turtles as they emerged on the beach to nest in an arribada that started shortly thereafter. Turtles 
treated with the presumed olfactory anesthetic nested later in the arribada than did those treated 
with saline. The effect of the treatment on the timing of nesting is consistent with the notion that 
olfactory cues play a role in synchronizing mass nesting, as previously proposed (Owens et al., 
1982).  
While many questions remain unanswered regarding the mechanism(s) for synchronized 
nesting in sea turtles, the findings of my dissertation fill several important gaps that existed in 
our understanding of this behavior. For conservation, predictions of mass-nesting behavior can 
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inform the management of nearshore fishing and boating activity, in addition to tourism activity 
on mass-nesting beaches. For example, these findings can inform the coordination of tourism and 
staffing logistics during mass-nesting events by improving predictions of the timing of events 
and the number of turtles participating. These findings have also shaped regulations for fishing 
and boating in the marine protected area at the Ostional National Wildlife Refuge, reducing the 
impact of such activities on sea turtles. Additionally, the use of drone technology is now being 
implemented for enforcement and management purposes at the refuge. Finally, considering the 
possible role olfaction plays in the nesting behavior, in addition to environmental variables that 
might influence the onset of nesting and the number of turtles participating, management 
measures should consider how local development and infrastructure projects may impact such 
variables and therefore inadvertently also impact sea turtle nesting behavior.   
Future research should continue to investigate the multiple sensory cues likely associated 
with synchronized nesting in sea turtles. In particular, measurements of fine-scale atmospheric 
and oceanographic variables are likely to improve our understanding of the environmental 
variables that affect behavior. Research on dive behavior and observations of possible social 
interactions occurring below the surface in nearshore waters are also important to improve our 
interpretation of the results presented in Chapter 3. Further investigation is also required to 
explore the possible role olfaction plays in nesting behavior. Additional research employing the 
methodology in Chapter 4 is needed to determine whether intranasal zinc sulfate treatment 
affects olfaction, influences general behavior, whether it affects navigation, and also whether it 
has an effect on the timing of solitary-nesting turtles. Considering the possible role of a chemical 
cue or pheromone in the synchronization of nesting, future studies should also investigate the 
function of the Rathke’s gland and chemical composition of its secretions. Behavioral 
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experiments with synthesized chemicals might be used to determine what role, if any, those 
secretions might play in the reproductive behavior of sea turtles. Future studies should also 
consider whether auditory or visual cues are associated with the mass-nesting behavior and 
whether the regulation of this behavior is multi-modal.  
Another interesting avenue of research lies in our limited understanding of the features 
that are associated with mass-nesting sites. Presumably, oceanographic, atmospheric, or other 
environmental features that vary geographically distinguish mass-nesting sites from solitary 
nesting beaches. Analysis of sites where mass-nesting was once common, but no longer occurs, 
and others where it has recently begun to occur (NMFS and USFWS, 2014) could be informative 
in determining local variables that facilitate the occurrence of this behavior. The combination of 
such features, when considered concomitantly with the sensory capabilities of sea turtles, the 
physiological requirements for such behavior, and the requirements for nesting habitat and 
incubation conditions, may identify the factors required for such behavior to be sustainable. Such 
studies would provide insight into the evolution, maintenance, and conservation of this 
remarkable natural phenomenon.  
Overall, this research provides insight into the possible mechanisms for synchronized 
nesting in sea turtles, with implications for conservation management at this and other mass-
nesting sites. Additionally, this study establishes a framework for future research to answer 
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